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As with the first and second editions, the goal of this 
third edition of Pediatric Epilepsy: Diagnosis and Therapy
is to assist all professionals involved in the care of pediat-
ric patients with seizures and epilepsy. Our goal continues 
to be the perfect result: no seizures, no side effects, and 
no stigma to limit these children from achieving their 
full potential.

The scope and depth of coverage of this book remains 
unique in its field. We have again tried to balance discus-
sions of practical medical management with the scientific 
basis of epilepsy and its treatment in a clear and concise 
manner. The book focuses on the special issues of children 
with epilepsy and is intended as both a practical guide and 
a reference for clinicians and investigators. With many 
more options for the treatment of epilepsy—including new 
antiepileptic drugs (AEDs), vagus nerve stimulation, the 
reintroduction of the ketogenic diet, increased emphasis 
on quality of life, as well as improved presurgical evalua-
tion and surgical intervention—hope for a more normal 
life for all children with epilepsy should continue to grow. 
To accomplish all the new goals set for this third edition, 
the previous editors asked Drs. Douglas R. Nordli and 
Raman Sankar to join them as associate editors.

Since the publication of the second edition, there 
has been a rapid expansion of basic knowledge, diagnos-
tic techniques, and treatments affecting the management 
of epilepsy, including advances in basic neurosciences, 
genetics, definition of syndromes, as well as medical and 
surgical therapeutic approaches. Because of the increasing 
familiarity and refinement of knowledge related to the 
concept of epilepsy syndromes, a new separate section 

Preface

has been added to this third edition. This section consists 
of an expanded and comprehensive coverage of the syn-
dromes by age of onset, taking into account the difficul-
ties that can be encountered in making a fixed diagnosis 
of a seizure type or epilepsy syndrome in young infants.

Although the precise diagnosis of epilepsy has become 
more challenging and complex, the enhanced specificity 
of the final diagnosis will continue to improve therapeutic 
and prognostic accuracy. The diagnostic process has been 
further improved by the growing knowledge of metabolic 
disturbances, disease processes, and genetics of various 
forms of epilepsy. This has led to an ever-expanding avail-
ability of new diagnostic tests, especially those related to 
DNA analysis. Although the greater choice of diagnostic 
testing does not always yield an etiology in every patient, 
those patients without established etiology still have more 
and better therapeutic options. There has been further 
growth in the knowledge about clinical pharmacology of 
AEDs. In particular, experience and comfort have grown 
with the AEDs that had just been released at the time of 
the second edition, with recognition of new indications 
for some of these drugs. Throughout the discussion of 
individual drugs, available knowledge is discussed regard-
ing their specific use and pharmacokinetics in newborns, 
infants, older children, and adolescents. Adverse effects 
are also covered, to include newer aspects as well as age-
related, gender-related, and pregnancy-related issues. 
Epilepsy surgery has become one of the widely applied 
standard therapeutic approaches to pediatric epilepsy, 
and it has now truly been incorporated into the treat-
ment paradigms.

xiii
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In this third edition, every chapter either has been 
markedly updated or is a newly written chapter that 
was not included in the second edition. In the initial sec-
tion on basic mechanisms of epilepsy, a new chapter by 
Dr. Edward Cooper on the epileptic channelopathies has 
been added because of the rapid and clinically relevant 
expansion of knowledge in this area during the past few 
years. Coverage of epileptogenic cerebral cortical mal-
formations has been enhanced by the contribution of 
Drs. Christopher Walsh, Ann Poduri, and Bernard Chang. 
A new section on age-related syndromes has been cre-
ated. This section is divided into groups of syndromes 
by age of onset and provides a more comprehensive and 
detailed coverage by several international authorities 
in the field, such as Drs. Shunsuke Ohtahara, Richard 
Hrachovy, Kazuyoshi Watanabe, Pierre Genton, Shlomo 
Shinnar, Tracy Glauser, Gregory Holmes, Chrysostomos 
Panayiotopoulos, Prakash Kotagal, and Samuel Berkovic. 
All of the chapters in this section now follow a unified 
structure. The section on general principles of therapy 
now includes a discussion of the emerging evidence-
based approach to AED selection by Dr. Tracy Glauser. 
The issues of fetal effects of epilepsy and fetal effects of 
AEDs are covered separately by Drs. Mark Yerby and 
Torbjörn Tomson.

Systematic coverage of individual drugs and other 
medical treatment modalities was already quite extensive 
in the second edition but has now been enhanced and 
expanded to cover the newer drugs not covered previ-
ously, as well as updated to include new information on 
the previously discussed drugs. A chapter on sulthiame by 
Dr. Dietz Rating has been added, because of the unique role 
of this drug in the treatment of the common syndrome of 
benign rolandic epilepsy. Other new chapters cover vita-
mins, dietary considerations, and alternative therapies 

(Dr. Orrin Devinsky); immunotherapy (Dr. Raman Sankar); 
and AEDs in development (Dr. Jacqueline French). The 
section on surgical treatment contains updated coverage of 
neurophysiologic evaluation (including magnetoencepha-
lography), advanced imaging, surgical procedures, and out-
comes, in addition to an update on vagus nerve stimulation. 
The section on psychosocial aspects has been expanded 
and includes chapters on costs of pediatric epilepsy, quality 
of life, intelligence, co-morbidities, and educational place-
ment, as well as cognitive side effects of AEDs.

We would be remiss in introducing this third 
edition without acknowledging the contribution of 
several of the previous authors who have now died. 
Drs. Kiffin Penry and Fritz Dreifuss, two of the founding 
fathers of pediatric epilepsy in the United States, have 
left us to carry on their work. Dr. Eric Lothman died 
quite prematurely, but his contribution to the under-
standing of the pathophysiology of seizures and epilepsy 
remains current even in this edition and will do so for 
years to come. In honoring these and others who have 
encouraged and guided our careers, we hope that this 
book meets the needs of those who care for children 
with epilepsy as well as the children and families who 
have to deal with seizures. 

For some, epilepsy will be a transient and distant 
memory, while for others epilepsy is an ever-present bur-
den. Evaluating and treating these children in the most 
appropriate and efficient fashion while avoiding adverse 
cognitive and psychosocial effects remains both challeng-
ing and rewarding, and it requires state-of-the-art knowl-
edge. We hope that you will find such knowledge in this 
book, and we hope that this third edition of Pediatric 
Epilepsy: Diagnosis and Therapy will help you and your 
colleagues provide state-of-the-art care to your patients 
and their families.

John M. Pellock, MD
Blaise F.D. Bourgeois, MD

W. Edwin Dodson, MD
Douglas R. Nordli, Jr., MD

Raman Sankar, MD, PhD

PREFACE
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Pathophysiology of 
Seizures and Epilepsy in 
the Immature Brain: Cells, 
Synapses, and Circuits

pidemiological studies show that 
the propensity of the young brain 
to develop seizures is much greater 
than that of the adult brain. These 

comprehensive studies cover not only the U.S. population 
(1, 2) but also populations in France, Great Britain, and 
Scandinavia, and thus the results appear to be geographi-
cally independent (3).

There are many more provoked seizures in neonates 
and infants than in adults. Their causes may involve 
trauma, hypoxic-ischemic encephalopathy, hyperten-
sion, metabolic abnormalities (amino acid disturbances, 
hypocalcemia, hypoglycemia, and electrolyte imbalance), 
infections, drug withdrawal, pyridoxine dependency, and 
toxins (4). Similarly, a genetic predisposition to epilepsy 
may be expressed in infancy. Genetic factors may involve 
congenital cerebral malformations and familial seizures 
such as neurocutaneous syndromes, genetic syndromes, 
and benign familial epilepsy (4). Additionally, several 
intractable seizure syndromes occur in early infancy or 
childhood and not later on (5). In children, focal dysfunc-
tion may often produce multifocal seizures and status 
epilepticus, suggesting less effective barriers for seizure 
spread and generalization (6).

There are several questions that can be posed. What 
are the conditions that make a part of the population 
prone to develop seizures or epilepsy at certain stages 

Libor Velíšek
Solomon L. Moshé

of development? Are these conditions acquired or inher-
ited? Are there any seizure-provoking factors in epileptic 
patients? What are the factors that recruit interictal activ-
ity in an epileptic patient to a full seizure? Are these factors 
intrinsic features of the neurons, glial cells, or extracel-
lular space in the patient’s brain or are they extrinsic, 
environmental factors? How do the seizures propagate? 
How (why) do they stop? What are the consequences?

Table 1-1 summarizes some important factors that 
may play a role for these developmental windows of 
increased susceptibility to seizures and in the development 
of epilepsy in the immature brain. In this table, factors 
A1 through A5 are operant in the normal and abnormal 
brain while factors B1 through B3 may be more specific 
for abnormal brains. The contribution of these factors in 
the pathophysiology of childhood seizures can be studied 
in animal models of seizures and, if available, in models 
of epilepsy. To study the age-related changes in seizure 
susceptibility in experimental animals, the investigator 
has to correlate the brain development of the animal to 
human brain development. Such correlations are difficult 
and should be viewed cautiously. Not all parameters stud-
ied follow similar developmental curves in animals and 
humans. This issue is very carefully reviewed in a recent 
article (7). Nevertheless, based on comparative ontoge-
netic studies of the rate of brain growth, an 8–10-day-old 
rat (PN8–10) may be considered equivalent to a full-term 

E
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human. In this case a rat less than 8–10 days old may be 
considered as equivalent to a human premature infant 
(7–10). On the other end, the male rat undergoes puberty 
from 35–36 to 55 days of age, whereas the female rat is 
in puberty between days 33 to 45 postnatally (11). Thus, 
the brain development in the rat at 2–3 weeks postna-
tally may be equivalent to a human infant/toddler, while 
at 4–5 weeks it may be considered as equivalent to an 
older, pre- or peripubescent child (7). Additionally, there 
may be different developmental dynamics. In a previous 
review (12), we attempted to calculate the aging rate in 
developing rat versus developing human. Although our 
calculations were purely mathematical and did not con-
sider major developmental milestones, we can conclude 
that the rate of aging in the immature rat compared to 
that in the child is much higher.

There is ample evidence that seizure susceptibility 
changes with age in experimental animals as it does in 
humans. In vitro studies of immature rat cortical neurons 
(2–3 weeks old) indicate that these neurons are more 
prone to develop epileptiform discharges following a vari-
ety of stimuli, such as low extracellular calcium (13), 
repetitive stimulation (14), penicillin, bicuculline, picro-
toxin (15–18), or high potassium administration (19). 
In vivo studies indicate that, in 2–3-week-old rats, the 
susceptibility to seizures is higher, and seizures spread 
more easily than in any other ages in many seizure mod-
els including pentylenetetrazol (Figure 1-1A), bicuculline, 
allylglycine, kainic acid, N-methyl-D-aspartate (NMDA) 
(Figure 1-1B), and kindling (Figure 1-2) (20–34). These 
young, 2–3-week-old rats are also more prone to develop 

status epilepticus than older rats. Indeed, in many sei-
zure models 2–3-week-old rats are also more prone than 
younger, 1-week-old rats, to develop seizures, defining 
thus a specific developmental window for increased sei-
zure susceptibility.

It should be noted that most of the experimentally 
induced seizures are models of acute seizures following 
the single administration of chemical or electric stimula-
tion (34). There is a semichronic model of seizures in the 
young brain represented by kindling, which is induced by 
repeated electrical stimulation of susceptible brain sites 
over 2–3 days in developing rats (29, 35). Until now, there 
have been only a few successful efforts to develop chronic
models of seizures in the developing brain that would 

TABLE 1-1
Factors That May Explain the Propensity of the 
Immature Brain to Develop Frequent Seizures 

Compared to the Adult Brain

A. IN ANIMALS WITH NORMAL BRAIN DEVELOPMENT

1. Excitatory processes developing before inhibitory 
processes

2. Differences in ionic microenvironment
3. Delayed development of circuits that can modify the 

expression of seizures
4. Seizures begetting seizures as a consequence of 

frequent seizures early in life
5. High chance of exposure to potentially epileptogenic 

stimuli (fever, infection, hypoxia)

B. IN ANIMALS WITH ALTERED BRAIN DEVELOPMENT

1. Genetic predisposition 
2. High incidence of structural brain anomalies
3. High probability of seizures begetting seizures as a 

consequence of frequent seizures early in life

FIGURE 1-1

Increased susceptibility of immature rats to tonic-clonic sei-
zures induced by pentylenetetrazol or NMDA. Increased 
susceptibility to seizures in immature rats is illustrated using 
two parameters. (A) Male rats at PN12, 18, 25, and adult rats 
were injected with 100 mg/kg of pentylenetetrazol subcutane-
ously. Latency to onset of tonic-clonic seizures, which occur 
throughout development (20), was determined. A shorter 
latency to onset of seizures indicates increased susceptibility 
to seizures. PN12 and PN18 rats have the shortest latencies. 
(B) Convulsant dose eliciting seizures in 50% of rats (CD50)
was calculated from dose responses for NMDA-induced tonic-
clonic seizures, which also occur throughout development (21). 
A lower CD50 indicates increased susceptibility to seizures. 
PN12 rats required lowest doses of NMDA for induction of 
tonic-clonic seizures. Modified from (21, 22).
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FIGURE 1-2

Increased seizure susceptibility of the immature PN15 brain to kindling-related seizures. Electrodes were implanted in the 
amygdala in A, B, and C and into the amygdala and hippocampus in D and E. In this composite, the x-axis depicts the severity 
of kindled seizures using the kindling scale of Racine (23) as modified by Moshé (24) and later on by Haas et al. (25). Kindling 
stages higher than 4 are secondarily generalized convulsions. Each point represents the mean behavioral kindling stage for 
the particular stimulation. (A) Kindling can be induced in PN15 rats using a 15-minute interstimulus interval; this stimulation
paradigm fails to elicit kindling in adult rats. (B) The intensity of postictal depression is decreased in PN15 rats. In this para-
digm, PN15 and adult rats that had experienced a generalized seizure received 7 additional stimuli, each delivered at 2-minute 
intervals. PN15 rats experienced more secondarily generalized seizures than adults, especially during the first 8 minutes. (C) The
intensity of postictal refractoriness increases with age. The same rats were tested at 3 different ages: PN15, PN150 and PN170.
(D) Kindling antagonism in adult rats. Kindling stimuli were delivered in the amygdala and ipsilateral hippocampus on an alter-
nating basis, and each stimulation is plotted separately. Kindling was induced from the amygdala but not the hippocampus. 
(E) Lack of kindling antagonism between amygdala and hippocampus in PN16–17 rats under the same experimental conditions 
that induce antagonism in adults. Modified from (25–27).
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better mimic human epilepsy. Examples of such studies 
include kindling in kittens (36) and the long-term effects of 
the administration of tetanus toxin in the hippocampus 
of young rats (37). The epileptic potential of the gamut 
of either chemically, physically, or genetically experimen-
tally induced brain structural abnormalities has not been 
adequately explored (38–45). Why do these potentially 
useful models not attract more research interest? They 
are very expensive, labor-intensive, and time-consuming, 
and the data yield is relatively low. Yet this path may 
be required to establish models for refractory epileptic 
syndromes in children—catastrophic epilepsies of child-
hood. Recently, there has been an increase in utilization 
of these developmental models of pre- or perinatal brain 
damage, as discussed later.

This review is intended to summarize current infor-
mation about the differences in the epileptogenicity of 
young and adult brain and to point out possible future 
research directions in the field of developmental epilepsy. 
Since the first publication of this chapter there has been a 
tremendous increase in the available information about 
developing cells, synapses, and circuits; we attempt to 
include all the high points in this edition.

NORMAL IMMATURE BRAIN: EXCITATORY 
PROCESSES PREDOMINATING

Physiologic, morphologic, biochemical, and molecular 
biology studies have been performed to determine differ-
ences between the young and adult brain that may answer 
two questions: (1) What are the mechanisms responsible 
for the enhanced seizure susceptibility of the developing 
brain? (2) Why is the seizure spread less well controlled 
in the immature than in the adult brain?

Physiology

In vivo microelectrode studies show no evidence of inhibi-
tion in the paired-pulse paradigm in the cornu ammonis 1 
(CA1) area of the hippocampus prior to PN18 in rats, 
after which the intensity of inhibition steadily increases 
to reach adult levels by PN28. In contrast, already at 
PN14 the measures of excitation (i.e., excitability and 
spike width) are at fully mature levels (46). These results 
indicate that in the rat hippocampus, excitatory processes 
are well established or fully mature within 2 weeks after 
birth, whereas the maturation of inhibitory processes 
to adult levels may not be achieved until several weeks 
later (46). Two additional features should be discussed 
here. First, in the hippocampus and other structures in 
the immature rats, gamma-aminobutyric acidA (GABAA)
receptors have been shown to have depolarizing effects 
and at times mediate excitatory events (19, 47, 48). Second, 
in immature animals (kittens, rats, and mice), excitatory

NMDA transmission peaks early in development (49–53), 
with the immature form of the NMDA receptor present 
in rats until PN14 (54). Both these features may signifi-
cantly contribute to the increased epileptogenicity of the 
immature brain.

The available data in seizure models support 
these findings. The intensity of postictal refractoriness 
(the period that follows a seizure) may increase with 
age (Figures 1-2, 1-3). Thus, in rats younger than 2–3 
weeks of age, electrical kindling in the amygdala or hip-
pocampus can be induced with stimuli (400 µA, 60 Hz 
current for 1 s), given at short interstimulus intervals 
(26, 35, 55, 56). This is not the case in adult rats (57, 58). 
In younger rats, if two sites are kindled concurrently, both 
sites develop severe kindled seizures (25, 59). In adults, 
one of them develops kindling while the other site is sup-
pressed (Figure 1-2) (60). The age-specific failure of both 
inter- and intrahemispheric mechanisms to suppress the 
development of multiple kindling foci may explain the 
high incidence of multifocal seizures in the immature CNS 
(25, 59). In PN15 rats, additional kindling stimulations 
easily induce severe seizures classified as stages 6–8 (25). 
In contrast, in adult rats, severe seizures may occur after 
approximately 250 kindling stimulations (61).

The increased epileptogenesis may arise from 
age-specific conditions for excitation and inhibition in 
the brain (51). Early postnatally, cortical glutamate-
mediated excitation utilizes mostly NMDA receptors. 
This unusual role of NMDA receptors diminishes with 
increasing age in favor of alpha-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA)-receptor-
mediated glutamate transmission (49, 62). Additionally, 
early postnatally, GABA has excitatory effects through 
GABAA receptors in several structures, such as hippo-
campus, cerebral cortex, cerebellum, and spinal cord, 
and therefore rather supports than antagonizes glu-
tamate excitatory actions (47, 51, 63). Thus, early in 
life, GABAergic inhibition may be mediated solely via 
GABAB receptors (51), and a fragile balance is maintained 
between powerful excitatory events mediated by GABAA,
NMDA, and AMPA receptors (64) and inhibitory events 
relying solely on GABAB transmission (51). Therefore in 
the developing brain, it seems logical that the GABAB
inhibition may be strengthened; this appears to be the case 
also in the site critical for control of seizures, the substan-
tia nigra pars reticulata (65), although this enhancement 
probably cannot compensate for abundant excitation. This 
indicates that early postnatal arrangement of principal 
ionotropic receptors favors excitatory processes and that 
the rearrangement of these receptors is necessary for the 
decrease of seizure susceptibility in the adolescent and 
adult brain. It should be noted, however, that the rear-
rangement of the function of GABAA receptors is activity 
dependent and may be altered by significant early post-
natal activation, including seizures (66).



1 • PATHOPHYSIOLOGY OF SEIZURES AND EPILEPSY IN THE IMMATURE BRAIN 7

Morphology

Earlier anatomical studies have suggested that there is 
a differential development of morphologically distinct 
types of synapses that can be assigned to “excitatory” 
and “inhibitory” functions. The classic study of Schwartz-
kroin showed that the “excitatory type” of the synapse 
is already present during the first and second postnatal 
week in the rabbit hippocampal area CA1, whereas the 
synapses of the “inhibitory type” start to occur during the 
third postnatal week (67). Thus, net excitation develops 
in parallel with the “excitatory type” of synapses, while 
the development of inhibition follows the occurrence of 
the “inhibitory type” of synapses (68). In the area CA3 
of the immature hippocampus, the development of inhi-
bition occurs earlier than in CA1. However, abundant 
excitatory axonal collaterals in this area form a complex 
network, which loses its complexity with maturation. 
Thus, the excessive excitatory wiring in the area CA3 
may also contribute to increased epileptogenicity of the 
immature hippocampus and also to faster, less controlled 
seizure propagation early in life (69, 70). Finally, faster 
spread of seizures and recruitment of additional areas 
in the immature nervous system, compared to the adult, 
may be due to an extensive direct coupling of the neurons 
demonstrated in the neocortex of young rats lost with 
maturation (71). Similar findings have been reported in 
the PN12–18 rat hippocampus (72).

Biochemistry and Molecular Biology

The developmental hyperexcitability of the all subtypes 
of glutamate receptors (49, 73) may be a function of their 
developmentally regulated subunit composition (74). The 
AMPA subtype of glutamate receptors may change their 
subunit composition during development from calcium-
permeable isoforms in the immature brain to calcium-
impermeable isoforms in adulthood (75). In this scenario, 
it is possible that the enhanced calcium influx into the 
immature neurons via fast excitatory receptor channels 
may be a powerful source of depolarization. Similarly, 
there are significant developmental differences in the 
expression of GABAA receptor subunit messenger RNAs 
(mRNAs), which also suggest age-specific composition of 
GABAA receptors (76). The striking correlation between 
the seizure-specific function and the distribution of cer-
tain GABAA receptor subunit mRNAs in certain brain 
areas suggests the existence of developmentally regulated 
GABAA receptor isoforms that may affect seizures in an 
opposite way compared to adult GABAA receptor iso-
forms (77). Molecular biology studies also indicate that 
ionic transporter systems such as NKCC1 and KCC2 
go through maturational processes, which may affect 
excitatory and inhibitory features of the neurotransmit-
ter receptors, particularly GABAA responses (78–80). 
One of the functional features that may comprise both 
the differential composition of GABAA receptors and 

FIGURE 1-3

Insufficient postictal refractory period in the PN12 hippocampus. PN12 and adult rats were implanted with hippocampal stimu-
lating electrodes and cortical recording electrodes. Each of two stimulations consisted of two trains of 121 constant-current 
rectangular pulses (8 Hz, 1 ms duration; total train length 15 s) with intensity twice as high as necessary to induce a hippocampal-
cortical evoked potential using stimulation with a single pulse. Interstimulation intervals (x-axis) were in the range from 30 s to 
3600 s (1 hour). The duration of the afterdischarge (AD) was recorded after each stimulation, and the results were expressed 
as AD2/AD1 � 100. The postictal refractory period in PN12 rats was shorter than 30 s because already at this interstimulation 
interval there was no difference between the duration of the AD1 and AD2. In contrast, in adult rats the postictal refractory 
period lasted between 600 and 900 s because at 900 s interstimulation interval the duration of AD2 was equal to the AD1.
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the ionic (chloride) environment inside the neurons is 
GABA-mediated tonic inhibition (81). It has been dem-
onstrated that the spillover of GABA outside the synaptic 
cleft acts on extrasynaptic GABAA receptors. Addition 
of bicuculline would block these receptors as well as the 
chloride currents they control. This tonic inhibition, which 
may be age-specific, presets excitability of the neuronal 
plasma membrane and modulates the gain of the trans-
mission (82). These extrasynaptic receptors exhibit a high 
affinity for GABA (hence low ambient concentrations of 
GABA are sufficient), and do not inactivate rapidly, thus 
producing a tonic form of inhibition (83). Unlike the syn-
aptic (phasic) receptors, they do not bind benzodiazepines 
(84, 85). Recent studies indicate that during this “excit-
atory GABA” developmental period, tonic and phasic 
GABA activation in immature neurons may play a critical 
role in their synaptic integration, which is activity depen-
dent. This process takes place in both the immature brain 
and newly born neurons in the adult brain (86–88).

The relatively delayed maturation of other neu-
romodulatory systems may contribute to the increased 
epileptogenicity of the immature brain. In adult rats, 
norepinephrine depletion accelerates the rate of kin-
dling, decreases the intensity of postictal refractoriness 
levels, and permits the development of multiple seizure 
foci (89–91). In this respect, the norepinephrine-depleted 
adult rats resemble developing 2-week-old rats in which 
the norepinephrine transmission has not reached adult 
levels (29).

NORMAL IMMATURE BRAIN: DIFFERENCES 
IN IONIC MICROENVIRONMENT AND 

GLIAL SUPPORT

Setting the Scene

In young children, the brain is more vulnerable to insults 
from the external environment (92, 93). These insults may 
be due to epileptogenic features of exogenous or endog-
enous pyrogens, toxins produced by infectious agents, 
or reactive metabolic byproducts of the host tissues. The 
increased vulnerability of the young brain is probably the 
result of the still developing blood-brain barrier, which, in 
fact, reflects the development of glial cells (94). Glia have 
an essential role in maintaining constant extracellular 
environment of the nervous system (95). In the mature 
brain, glia contribute to neuronal stability by maintain-
ing ion homeostasis. Almost all ions involved in synaptic 
transmission undergo age-specific changes, as reflected 
by the availability of ionic channels and the efficacy of 
energy-dependent ionic transporters, both in glia and in 
neurons (96). There is no general rule that the develop-
ment of ionic channels follows; however, it seems that 
in the early developmental stages many ionic channels 

promote calcium permeability (96). For detailed informa-
tion on the role of ionic channel in epileptogenesis, see 
Chapter 3, this volume.

The relevant questions are these: Are the develop-
mental changes in ionic environment powerful enough 
to affect age-specific seizure susceptibility? How does the 
maturation of transporter systems affect the development 
of seizures in the immature brain?

Potassium

Potassium has an important role in the regulation of 
ionic fluxes early in the development of the nervous sys-
tem. Intracellular concentration of potassium in neu-
rons increases with maturation. This may be due to an 
increase in Na�/K�-ATPase content and probably also 
activity. Na�/K�-ATPase is responsible for the after-
hyperpolarization of the neuron following glutamate-
induced excitatory postsynaptic potentials (EPSPs) (97). 
During afterhyperpolarization, it is more difficult to elicit 
another population spike. In young rats, the afterhyper-
polarization is minimal until PN11 and increases during 
first five postnatal weeks (97). Therefore, young neurons 
have more favorable conditions to generate repetitive 
action potentials than adult neurons have, which may 
further increase the susceptibility of the immature brain 
to seizures.

Extracellular K� efflux accompanies repetitive neu-
ronal discharges (98). The rises in the extracellular K�

as a consequence to neuronal (and epileptiform) activ-
ity are higher in the immature brain (99, 100) and the 
ceiling for extracellular K� concentration ([K� ]o) induced 
by excessive neuronal activity is much lower in the adult 
than in the immature rats (10–12 mM versus 1420 mM) 
(17, 100). In any age group, accumulation of extracel-
lular K� causes proportionate moderate depolarization of 
the neurons and thereby increases neuronal excitability. 
However, the capability of young CNS to accumulate 
extracellular K� is much larger than that of the adult 
brain, because of the immature clearance systems in the 
young (101). Additionally, repetitive discharges in the 
young brain tend to depolarize the neurons more than 
similar discharges in the adult brain, because the accu-
mulation of potassium during afterdischarges is higher 
in the young (P9–11) rats than in older ages (101). In 
an environment with repeated epileptiform discharges, 
high [K� ]o may promote a transition from interictal 
to ictal state. This situation is more likely to occur in 
the immature brain (17, 101). This is because there are 
several extracellular K� clearance systems, all of which 
are immature in the young brain and may contribute to 
decreased K� removal from the extracellular space. The 
first clearance system is Na�/K�-ATPase with a neuronal 
(97) and a glial (102) pool. The second system is K�–Cl�
transport into astrocytes (103). The density of astrocytes 
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in the hippocampus during the first postnatal week in the 
rat is very low, while during the second postnatal week it 
is sparse only in hippocampal stratum pyramidale (104). 
The third mechanism of K� clearence is spatial redistribu-
tion by hiding and diluting K� in the remote and narrow 
processes of the extracellular space. Neurons, astrocytes, 
and oligodendrocytes share this function; however, the 
maturation of oligodendrocytes in not finished before 
four weeks of age (104). Therefore, in the young brain, 
the extracellular space is wider (105) and spatial redis-
tribution, as measured by extracellular slow potentials 
(106), is slower, contributing to higher activity–dependent 
local concentrations of potassium. These findings demon-
strate delayed maturation of various glial elements, which 
increases epileptogenesis of the immature brain and may 
support the progression of ongoing epileptiform activ-
ity (95, 107). Finally, there is a maturational pattern of 
potassium-chloride cotransporters (KCC), which are less 
significant for potassium clearance but very significant 
for chloride distribution (64).

The developmental features of potassium concen-
tration and clearance as well as potassium effects on 
neuronal membrane excitability make potassium a good 
ionic candidate responsible in part for the increased sei-
zure susceptibility in the immature brain, especially for 
the promotion of the transition from interictal to ictal 
seizure state.

Calcium

Extracellular calcium has age-specific effects on neuro-
nal excitability. Electrophysiological studies have shown 
that glutamate, and especially NMDA, receptors in the 
immature hippocampal pyramidal neurons are regulated 
by extracellular calcium instead of magnesium as in the 
case of mature neurons (108, 109). Therefore, in the 
immature brain, activity-dependent changes in extra-
cellular calcium may have a greater influence on ion 
flow produced by activation of the NMDA receptor. As 
mentioned previously, enhanced calcium influx into the 
developing neurons due to the immature form of the 
AMPA subtype of glutamate receptor channels lacking 
the GluR2 subunit may be a powerful source of depo-
larization (75).

The role of intracellular calcium in seizure suscepti-
bility of the immature brain is less obvious and probably 
indirect. Intracellular calcium affects neuronal maturation 
through calcium-regulated transcription (110). However, 
the correlation between this calcium effect and seizure 
susceptibility of the immature brain has not been yet sys-
tematically studied. Further, developmentally regulated 
intracellular calcium levels (96, 111, 112) may determine 
the speed by which the axon reaches its synaptic tar-
get. Thus, higher intracellular calcium levels early in the 
development may affect the complexity of the neuronal 

network and also its excitability by delaying the “plug-in”
of the inhibitory elements. Additionally, reciprocal cal-
cium channel (T/R and L type), opening together with 
voltage-gated sodium channel activity, may contribute to 
intrinsic bursting, found in CA1 pyramidal cells during 
the third postnatal week of the rat (113), right after the 
GABAA receptor depolarization diminishes, extending 
effectively the period of increased seizure susceptibility 
demonstrated in vivo (34).

Chloride

Intracellular chloride can significantly affect features of 
the neuron and its responses to the neurotransmitter 
operating via chloride environment (i.e., GABAA) recep-
tors. Intracellular concentration of chloride has powerful 
effects on chloride fluxes out from and into the neuron 
(Figure 1-4). If the chloride concentration inside the cell is 
above electrochemical equilibrium, opening the GABA-
operated chloride channel in GABAA receptors leads to 
chloride leakage from the cell and consequent depolar-
ization. This is the situation often found in immature 
neurons. The reason is the developmentally regulated 
expression of KCC (NKCC1 and KCC2) in the imma-
ture neurons, which results in significant intracellular 
accumulations of chloride (114). NKCC1 pumps all 
ions, including chloride, into the immature neuron. Its 
expression (and thus, function) significantly decreases 
with maturation (64, 80, 115). Therefore, blockade of 
this cotransporter by the specific antagonist bumetamide 
significantly suppresses high (8.5 mM) potassium–induced
epileptiform activity in brain slices from PN7–12 old rats 
but is ineffective in PN21–23 rats with already decreased 
NKCC1 expression; and, of course, bumetamide is also 
ineffective in slices from NKCC1 knockout mice. Simi-
larly, bumetamide suppresses kainic acid seizures in 
PN10 rats (80). KCC2 lowers the intraneuronal chlo-
ride concentration below its electrochemical equilibrium, 
and this function increases with maturation (116, 117). 
If the NKCC1 concentration is high and KCC2 concen-
tration is low, as demonstrated in immature neurons, 
chloride accumulates in the neurons (78). After GABAA
receptor–operated chloride channels are opened, chlo-
ride leaks out, and the cell membrane depolarizes with 
possible firing of an action potential (64). In mice with 
disruption of the KCC2-encoding gene (118), electro-
physiological recording showed hyperexcitability in the 
hippocampus, and heterozygotes had increased seizure 
susceptibility compared to those animals with uninter-
rupted genes (119). Additional data indicate activity-
dependent and also sex-specific expression of KCC2 
(79, 120). These findings may contribute to seizure 
modulation of consequent seizure susceptibility and to 
sex-differences synaptic events as well as seizure sus-
ceptibility (121).
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Sodium

Sodium also plays a significant role in early developmen-
tal seizures, as demonstrated by seizures resulting from 
sodium channel dysfunctions, which occur during infancy 
or early childhood and often disappear later on (122).
The reasons for the developmental occurrence of seizures 
associated with sodium channel dysfunction are not clear. 
Although there are age-dependent expression patterns of 
sodium channel subunits (123), they do not define vulner-
ability windows. As an alternative, the age specificity of 
sodium channel defects may be a result of age-specific 
insults that interact with these channels. For example, 
increased body temperature (fever) may unmask specific 
deficits of mutated sodium channels (124). Consistently, 
sodium channel defects are particularly common in indi-
viduals with febrile seizures (125).

NORMAL IMMATURE BRAIN: DELAYED 
DEVELOPMENT OF CIRCUITS THAT MODIFY 

THE EXPRESSION OF SEIZURES

Spread of Metabolic Activation 
during Seizures

Studying the role of brain structures in the initiation and 
propagation of seizures has, unfortunately, serious limita-
tions. Although several morphological and physiological 
methods are available, none of them can give a direct 
answer as to whether the seizure propagates directly from 
one structure to another via a specific pathway, or whether 
these additional structures are involved indirectly through 
relay areas. The best way to approach involvement of dif-
ferent structures is a combination of electrophysiology and 
imaging that may provide significant correlates of seizure 
spread. Electrophysiology itself provides limited findings 
because surface electrodes cover only superficial neocorti-
cal regions; depth electrodes record from a restricted area 
only, and thus many electrodes must be placed to assess 
the electrical activity of the brain, including the brainstem. 
Therefore, metabolic imaging studies are more helpful.

Metabolic studies using a radioactive glucose analog 
2-deoxyglucose (2-DG) have provided significant infor-
mation about changes in the metabolic activity of several 
structures during seizures but also during the immediate 
postictal period. This information points only to the meta-
bolic activity of the structures; their actual role in seizure 
generation, propagation, or control, however, can only be 
estimated. It should be noted that, although 2-DG is an 
excellent source of qualitative information about brain 
metabolism changes, 2-DG studies in animals undergoing 
seizures may not provide absolute quantification because 
certain assumptions proposed by Sokoloff are applicable 
only under normal (resting) conditions (126). Addition-
ally, 2-DG uptake informs about the activity of  presynaptic 

FIGURE 1-4

Main factors affecting chloride concentrations in the imma-
ture and mature neurons. In the immature neuron, a sodium-
potassium-chloride cotransporter (NKCC1) is expressed in 
high concentrations. As a result, chloride anions are pumped 
in and accumulate inside the cell, since the low expres-
sion of the potassium-chloride cotransporter (KCC2) cannot 
extrude them out of the cell. This chloride accumulation 
shifts chloride reversal potential to a more positive value 
than the membrane potential. After the GABAA receptor-
operated chloride channel is open after GABA binding, chlo-
ride flux is directed from inside the cell outward, carrying 
negative charge and thus making the inside of the immature 
neurons more positive—membrane depolarization occurs. 
This depolarization can generate sodium and calcium action 
potentials (64).

In the mature neuron, NKCC1 expression is low, while the 
KCC2 expression is high. This arrangement keeps intracel-
lular chloride concentration low, and the chloride reversal 
potential is more negative than the membrane potential. After 
GABA binding to the GABAA receptor, chloride channels open 
and chloride anions flow into the cell. This renders the cell 
more negative inside, and a membrane hyperpolarization 
occurs. Hyperpolarization makes firing action potentials 
more difficult.
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elements in the structures but cannot give a simple answer 
about increases in inhibition or excitation. Further, exces-
sive motor behavior (as during seizures) can change 2-DG 
uptake pattern and confound the results. Therefore, the 
2-DG results should be interpreted with caution.

Several 2-DG metabolic studies demonstrate age-
specific metabolic involvement of brain structures in 
kainic acid-, kindling-, bicuculline-, and pentylenetetrazol-
seizures, with somewhat limited data on flurothyl seizures 
(28, 127–130). The excitotoxin kainic acid, as well as 
kindling, induces age-specific seizures that originate 
focally with subsequent generalization. In addition, 
kainic acid–induced seizures progress into status epi-
lepticus (28, 32, 131, 132). Pentylenetetrazol and flu-
rothyl seizures are believed to be primarily generalized 
seizures and also have age-specific features; these seizures 
can lead to status epilepticus (20, 22, 133–138). More 
recently, the lithium-pilocarpine model of epilepsy has 
been explored (139).

In young rats until the third week of age, kai-
nic acid–induced status epilepticus produces a rise in 
metabolism restricted to the hippocampus and lateral 
septum (28, 130). This is paralleled by paroxysmal dis-
charges observed on electroencephalogram (EEG) that 
are recorded in the hippocampus, although some studies 
have proposed that seizures are more prominent in the 
neocortex (28, 130, 132, 140, 141). Starting from the 
end of the third week, there is a rise in labeling of other 
structures that are part of or closely associated with the 
limbic system: the amygdala complex, the mediodorsal 
and adjacent thalamic nuclei, the piriform, entorhinal, 
and rostral limbic cortical regions, and areas of projection 
of the fornix. These metabolic maps are thus similar to 
those observed in adults (130, 142). In amygdala kindling 
in PN15, the metabolic activation during severe seizures is 
restricted to limbic structures (128, 129), even when the 
rats experience secondarily generalized seizures. Another 
interesting seizure-induced difference between the meta-
bolic activation of the young and adult brain is in the 
involvement of the substantia nigra pars reticulata (SNR). 
Whereas in the adult rats there is a significant metabolic 
activation of the SNR during kindling and kainic acid 
status epilepticus (143–147), neither kindled seizures nor 
kainic acid status epilepticus induce metabolic activation 
of the SNR in young rats (28, 148).

A series of studies on pentylenetetrazol-induced status 
epilepticus have shown an age-specific pattern of metabolic 
activity and blood flow. In young rats at PN10, there is a 
uniform increase in the cerebral metabolism and blood flow 
throughout the brain. At PN21, an age when developmen-
tally specific pentylenetetrazol clonic seizures begin to occur 
(20, 22), there are significant decreases of local metabolism 
and blood flow in the cortex and hippocampus as well as 
in mammillary body, thalamic nuclei, and white matter 
areas. Moderate metabolic and blood flow increases are 

restricted to a few structures (134, 137). In the adult rats, 
there is a rise in metabolism primarily in the neocortex, 
cerebellum, and vestibular nuclei (136). The data show 
consistency between metabolic rate and blood flow rate 
and demonstrate age-specific patterns of brain metabolic 
activation due to seizures.

Recently, there has been an increased interest in the 
brain metabolic patterns in the lithium-pilocarpine model 
of epilepsy. Studies have demonstrated that, in agreement 
with previous work, spontaneous seizures consistently 
develop in PN21 and older rats subjected to lithium-
pilocarpine status epilepticus (139, 149, 150). No spon-
taneous seizures were observed in those rats subjected to 
status epilepticus on PN10 (139), and the spontaneous 
seizures developed infrequently (23%) in 2-week-old rats 
exposed to lithium-pilocarpine status epilepticus (150). 
Similarly, there was no neuronal damage and no meta-
bolic consequences in the youngest group. Older groups 
than PN10 had neuronal damage in the hippocampal CA1 
(2-week-old) (149) and lateral thalamus (PN12) (151). 
Adult rats additionally had damage in the piriform cortex 
and basolateral amygdala, whereas the PN21 rats dis-
played neuronal damage also in the entorhinal cortex.

During the latent period between the status epi-
lepticus and development of spontaneous seizures, in 
PN21 and adult rats, there were decreases in metabolic 
activation in forebrain regions corresponding to the dam-
aged areas. At the end of the latent period, metabolic 
increases in the brainstem occurred (139). Additionally, 
this model with lithium-pilocarpine status epilepticus 
induced on PN21 has been used in MRI studies for pre-
diction of epilepsy development (152, 153). Rats with 
no MRI abnormalities did not develop epilepsy. Spon-
taneous seizures developed in two groups: with visible 
MRI abnormalities in one group and without visible 
abnormalities but with changes in T2 relaxation times 
in the other. These MRI changes did not correlate with 
neuronal damage, suggesting that subcellular changes 
may be responsible for the future development of spon-
taneous seizures (152, 153).

In flurothyl-induced moderate seizures (20% mor-
tality) in PN15 rats, there is an activation of glucose 
metabolism in the midbrain and brainstem (excluding 
the SNR, however) and a decrease of metabolism in the 
neocortex. Other structures are not affected (EF Sperber, 
personal communication).

Brain Structures Controlling Seizures

Several brain sites play a critical role in the control or activa-
tion of seizures. These sites involve SNR, superior colliculus, 
subthalamic nucleus, pedunculopontine nucleus, anterior 
thalamus, and area tempestas (154–163). Unfortunately, 
developmental data are currently available only for the 
SNR (77, 164).



I • BASIC MECHANISMS12

FIGURE 1-5

Two compartments of the substantia nigra pars reticulata (SNR) that in the adult rat brain differentially control seizures. Sagit-
tal section of the rat brain 2.4 mm lateral from midline (168) limited to parts of diencephalon, midbrain, and the brainstem. 
The diagram illustrates both subregions of the SNR. In the adult male brain, microinfusions of muscimol placed bilaterally and 
symmetrically in the light gray area (SNRanterior) have anticonvulsant effects in flurothyl-induced clonic seizures. In the adult 
male brain, bilaterally symmetrical microinfusions of muscimol in the dark gray area (SNRposterior) have proconvulsant effects. 
In the adult female brain, symmetrical microinfusions of muscimol into SNRanterior have similar anticonvulsant effects as in the 
adult males. However, symmetrical muscimol infusions into SNRposterior in adult female rats are without any effect on seizures. 
Arrows mark the main directions.

Abbreviations: APTD: anterior pretectal nucleus, dorsal. APTV: anterior pretectal nucleus, ventral. CA1, CA2, CA3, CA4: hip-
pocampal cornu ammonis regions 1, 2, 3, and 4. DG: dentate gyrus. IC: inferior colliculus. LDVL: laterodorsal thalamic nucleus,
ventrolateral. LP: lateral posterior thalamic nucleus. ml: medial lemniscus. Po: group of posterior thalamic nuclei. RR: retrorubral
nucleus. RRF: retrorubral field. SC and the arrow mark the extent of the superior colliculus layers. STh: subthalamic nucleus. 
VLL: ventral nucleus of lateral lemniscus. VPM: ventral posteromedial thalamic nucleus. ZI: zona incerta.
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In the adult male rat SNR, there are two GABAA-
sensitive, topographically distinct functional regions local-
ized in the anterior and posterior SNR: SNRanterior and 
SNRposterior , respectively (165–168; Figure 1-5). These 
two SNR regions mediate differential effects on clonic 
flurothyl seizures. In the SNRanterior , bilateral microinfu-
sions of muscimol have anticonvulsant effects, while in 
the SNRposterior , muscimol microinfusions have procon-
vulsant effects. Similarly, microinfusions of other GABA 
receptor–acting drugs (such as bicuculline, ZAPA (Z)-
3-[(aminoiminomethyl) thio]prop-z-enoic acid sulfate], 
and zolpidem) have site-specific effects on seizures in the 
SNR (Table 1-2) (166, 169, 170). Site-specific effects of 
the SNR on flurothyl-induced seizures are probably not 
confined only to GABAergic drugs. Infusions with differ-
ent pH as an effector have differential actions in the SNRan-

terior and SNRposterior (171). In situ histochemistry studies 
have demonstrated that in adult male rats there are two 
SNR functional regions, which differ in the distribution of 
the GABAA receptor alpha-1 subunit mRNA (165). This 
subunit is the most abundant GABAA receptor subunit 
in the adult SNR (172). At the cellular level, there are a 
few large clusters of labeled cells with high expression of 
hybridization grains in the SNRanterior. In the SNRposterior ,
there is a high density of labeled cells that have moder-
ate expression of the alpha-1 hybridization grains. The 
two SNR regions use different output pathways for their 
effects on seizures, as determined by 2-DG studies. In the
SNRanterior , muscimol infusions decrease glucose utiliza-
tion in the striatum, sensorimotor cortex, and ventrome-
dial thalamus and increase glucose utilization in superior 
colliculus (165). In contrast, in the SNRposterior, muscimol 
infusions increase glucose utilization in the dorsal stria-
tum, globus pallidus, and superior colliculus and decrease 
glucose utilization in thalamus (165). These data support 
the findings of the topographic and functional segregation 

of the SNR-mediated systems involved in the control of 
seizures in adult male rats. An additional study explor-
ing the effects of unilateral SNR muscimol injections on 
2-DG uptake revealed that the activation maps in this 
experimental paradigm have age-, sex-, and SNR region-
specific patterns (173).

However, the two regions of the SNR do not develop 
simultaneously. In PN15 male rats, activation of high-
affinity GABAA receptors (using muscimol or gaboxadol-
4, 5, 6, 7-tetrahydroisoxazolo[5, 4-c]pyridin-3-ol(THIP)) 
mediates only proconvulsant effects (174, 175). Thus, 
the organization of the SNR into two functional regions, 
which was described for adult male rats (165, 166), is 
absent in PN15 male rats (165, 166). In PN15 rats, there 
is only one functional region within the SNR with respect 
to the effects of microinfusions of GABAAergic drug on 
seizures. These results suggest that the immature, undif-
ferentiated SNR has some similarities with the SNRposterior
in terms of the presence of the “proconvulsant” GABAA
receptor subtype. Similarly, in situ hybridization studies 
have revealed that at the cellular level the silver grains of 
alpha-1 subunit are clustered over the labeled cells and 
uniformly distributed throughout the SNR with moderate 
amounts of the hybridization grains in these clusters. Thus, 
the distribution and density of these clusters resembles the 
pattern described in the SNRposterior in adult male rats. 
In PN15 male rats, muscimol infusions in the SNR also 
produce specific metabolic changes compared to controls. 
Irrespective of the site of muscimol infusion, glucose utili-
zation is increased in the ipsilateral dorsal striatum, in the 
globus pallidus and superior colliculus and not changed in 
the sensorimotor cortex. In contrast, muscimol infusions 
decrease glucose utilization in the ipsilateral ventromedial 
thalamus (165). Thus, the data suggest that in PN15 male 
rats, there is only one output network, which resembles 
the one observed in the SNRposterior in adult rats.

TABLE 1-2
 Region- and Age-Specific Effects of Nigral GABAergic Drug Microinfusions on Flurothyl 

Seizures in Male Rats

DRUG PN15 RATS ADULT RATS

 SNRanterior OR SNRposterior SNRanterior SNRposterior

Muscimol Proconvulsant Anticonvulsant Proconvulsant
Bicuculline Proconvulsant Proconvulsant No effect
ZAPA Biphasic effects Anticonvulsant Proconvulsant
Zolpidem Anticonvulsant Anticonvulsant No effect
�-vinyl GABA Anticonvulsant Anticonvulsant Proconvulsant

Muscimol: GABAA receptor agonist on both low- and high-affinity receptors. Bicuculline: GABAA receptor antagonist on low-affinity 
receptors. ZAPA: GABAA receptor agonist on low-affinity receptors. Zolpidem: agonist of benzodiazepine I binding site of GABAA receptor. 
�-vinyl GABA: irreversible inhibitor of the GABA degradation enzyme, GABA-transaminase.

Based on data in (165, 166, 169, 170).
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The question is, When does the differentiation of 
the two SNR seizure-modifying regions occur? At PN25, 
the SNR starts to differentiate; infusions of muscimol 
in the SNRanterior have no effects on flurothyl seizures, 
while infusions in the SNRposterior have proconvulsant 
effects. This maturation of the “anticonvulsant” SNR 
region strikingly coincides with sexual maturation (11). 
In male rats, there is a sudden drop in plasma testosterone 
levels (PN20–25) (176–178) just prior to the age when the 
SNRanteior assumes its “anticonvulsant” characteristics. To 
test the hypothesis that testosterone may play a role in 
formation of the “anticonvulsant” SNRanterior, male rats 
were castrated on the day of birth. The rats were exposed 
to flurothyl at ages PN15 and PN25 following bilateral
infusions of muscimol in the SNRanterior or SNRposterior.
In the SNRanterior in PN15 neonatally castrated male rats, 
muscimol infusions had no effects on seizures; in PN25, 
muscimol infusions had anticonvulsant effects compared 
to saline-infused neonatally castrated controls. Thus, in 
neonatally castrated male rats the emergence of the “anti-
convulsant” SNRanterior shifted to an earlier time point 
than that observed in intact or sham-operated male rats, 
suggesting that the depletion of postnatal testosterone 
may accelerate the appearance of the “anticonvulsant” 
SNRanterior (170).

In female rats, a proconvulsant muscimol-sensitive 
SNR region does not develop. In PN15 female rats, there 
is only one functional region in the SNR. Infusions of 
muscimol into this region do not change seizure threshold. 
In adult female rats, the SNRanterior mediates anticonvul-
sant effects of muscimol similarly to the SNRanterior in 
adult male rats. In contrast to adult male rats, infusions of 
muscimol in the SNRposterior in female rats have no effects 
on seizure threshold. As just mentioned, maturation of the 
SNR regions is under control of perinatal testosterone or 
its metabolites. Thus, in females, postnatal administration 
of testosterone leads to the male SNR phenotype (170, 179). 
The male–female differences in seizure control seem to be 
associated with sex-specific differences in the GABAergic 
system within the SNR as well as in connectivity patterns 
(173). Further, it appears that the developmental control 
of seizures in the SNR is affected by sexually dimorphic 
maturation of KCC2 in this structure (79).

The data demonstrate that the age-specific suscep-
tibility to seizures may be partly due to developmental 
maturation of structures controlling seizures. This matu-
ration may be under the influence of gonadal hormones 
and may exert sexually dimorphic features.

ROLE OF STRUCTURAL BRAIN ANOMALIES

Childhood epilepsies are often associated with a variety of 
brain anomalies. Among epileptic syndromes of childhood, 
catastrophic epilepsies, including West and Lennox-Gastaut 

syndromes, are associated with the broadest spectrum of 
pathoanatomic abnormalities (180), including neuronal 
migration disorders and small foci of neuronal necrosis. 
Therefore, pre- and perinatal brain alterations become a 
condition sine qua non for the development of experimen-
tal seizures in the immature brain. The long-term goal of 
these studies is to induce a form of brain injury that would 
constitute a basis for the development of spontaneous sei-
zures. The model, therefore, should demonstrate structural 
abnormalities and subsequent increased epileptogenicity in 
response to environmental stimuli, as well as spontaneous 
seizures. Until now, only few attempts have been made to 
approach developmental seizures in the presence of mor-
phologic brain anomalies. How does the presence of brain 
anomalies or malformations lead to the development of 
epilepsy? Currently, data exist in four models of experi-
mentally induced malformations: methylazoxymethanol-
induced migration disorder, neocortical freezing lesions, 
neuronal migration disorder induced by irradiation in 
utero, and the double cortex mutation.

Methylazoxymethanol-Induced Neuronal 
Migration Disorders

Methylazoxymethanol (MAM) is a powerful alkylating 
agent (181) acting during the gap 1 (G1) and mitosis (M) 
phases of the mitotic cell cycle. Administration of MAM 
on embryonic day 15 in the rat interferes with neuro-
blastic division and neuronal migration toward cortical 
layers II–V (182) and is associated with the disruption 
of radial glia scaffolding with premature astroglia dif-
ferentiation and thickening of the marginal zone, with 
redistribution of Cajal-Retzius neurons to deeper layers 
(183). These actions result in the disruption of the corti-
cal plate and appearance of subventricular zone nodules 
(183). Consistent brain alterations are present in 100% 
of cases (Table 1-3; Figure 1-6) (184). Young rats with 
MAM-induced neuronal migration disorders have indeed 
a modest increase in seizure susceptibility in several mod-
els. In PN14 MAM-exposed rats, hyperthermia induced 
seizures in 14 of 39 rats, while in age-matched controls 
only one rat out of 30 had a seizure (39). The higher 
seizure susceptibility in MAM-exposed rats exposed to 
hyperthermia was associated with a higher mortality rate. 
Young MAM rats at PN14 have a lower threshold to 
kainic-acid–induced seizures, in terms of seizure onset 
and duration of seizures, than saline-exposed controls 
(38, 184, 185). These effects may be associated with the 
alterations in AMPA receptor GluR2 flip and NMDA recep-
tor NR1 subunit distribution in the dysplastic areas of neo-
cortex and hippocampus (186). Additionally, brain slices 
from rats exposed in utero to MAM display an increased 
proportion of bursting cells in the hippocampal CA1 pyra-
midal cells compared to controls (187, 188). Spontaneous 
seizures have not been observed in this model.
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Freezing Lesions

A search for a model of perinatal damage resulting in 
dysplastic cortex rekindled the interest in the neocortical 
freezing-induced focus used in adult rats by Escueta (189, 
190) and in neonatal rats by Dvořák and Feit (191). In this 
model, a relatively restricted freezing lesion is produced by 
a probe (cooled usually by liquid nitrogen) in the neonatal 
rat neocortex on PN0 or PN1 (41). The treatment results 
in the loss of normal cortical lamination and results in 
the creation of a focal microgyrus. Moreover, there are 
ectopic cell clusters in the layer I of the neocortex and 
in the white matter (41, 192). There is no significant loss 

of GABAergic neurons in the hyperexcitable tissue (193), 
but the GABAtransmission is impaired because of loss of 
alpha-1, alpha-2, alpha-5, and gamma-2 GABAA recep-
tor subunits (194). Electrophysiology reveals prominent 
hyperexcitability of the disorganized neocortical network 
in the region of focal lesion as early as on PN12 (195). 
In adult (4–6 months old) rats, electrical stimulation of 
the neocortical afferents supplying the microgyrus leads to 
epileptiform discharges that propagate over 4 mm in the 
horizontal direction, whereas in sham-operated control 
tissue the horizontal propagation is limited to under 1 mm 
(41). A metabolic study demonstrated a similar extent 
of 2-deoxyglucose uptake reduction (196). Although the 
administration of the NMDA receptor antagonist MK-
801 (dizocilpine maleate) prior to the lesion can prevent 
the development of the discharges, it has little or no effects 
on an already developed focus and on its propagation 
(41, 197). Discharges of the already developed focus can 
be inhibited by the AMPA receptor antagonist 6-nitro-7-
sulfamoylbenzo[f ] quinoxaline-2, 3-dione (NBQX) (41). 
Optical recordings in brain slices have demonstrated high 
epileptogenicity of these lesions. In the low-Mg2� model in 
vitro, epileptiform discharges started in variable locations 
in control slices. In the dysplastic brains after the freeze 
lesion, the discharges always emerged from the dysplastic 
cortex (198). This finding has been confirmed in vivo, since 
the rats with neonatal (P1) freeze lesions developed hypo-
thermic seizures on P10 earlier (decreased threshold) and 
the ictal manifestations lasted longer than in control rats 
(44). However, in the case of freezing lesions in developing 
rats, spontaneous seizures may develop (43).

Irradiation Lesions

Exposure of embryonic day 16 (E16) or E17 rat embryos 
to irradiation disrupts migration patterns, resulting in 
the creation of numerous dysplastic lesions (40). These 
rats have a higher susceptibility to the development of 
electrographic epileptiform discharges after seizure-
provoking test with acepromazine or xylazine. Similarly, 

TABLE 1-3
Prenatal Brain Injury

MODEL AGE OF APPLICATION RESULTS

MAM E14, E15  Decreased brain size, decreased cortical thickness, loss of normal 
 lamination in layers II–V of the neocortex with abnormally migrated 
 neurons, bilateral ectopias in the pyramidal layer of the hippocampal 
 CA1, cell loss in the striatum and thalamus (38)

Irradiation E16, E17  Diffuse cortical dysplasia, periventricular heterotopia, dispersion of 
 hippocampal pyramidal cell layer, corpus callosum agenesis (40)

Double cortex  Mutation   Layers of gray matter placed inside the forebrain white matter; inverted 
 migration pattern (42)

FIGURE 1-6

Brain section from PN15 rat with neuronal migration disorder 
induced by prenatal treatment with MAM. Coronal section 
of hippocampus showing areas of neuronal ectopias in the 
CA1 subfield (arrows). Ectopic neurons are scattered in the 
stratum oriens (so) and stratum radiatum (sr). Reprinted from 
Germano IM, Sperber EF. Transplacentally induced neuronal 
migration disorders: an animal model for the study of the 
epilepsies. J Neurosci Res 1998;51:473–488 (184). Copyright 
© 1998 Wiley-Liss, Inc., with permission of Wiley-Liss, Inc., 
a subsidiary of John Wiley & Sons, Inc.
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in vitro neocortical slices from adult rats exposed to irra-
diation in utero demonstrate more robust epileptiform 
activity in bicuculline-containing medium than slices 
from control rats (45). The results suggest that irradiation 
lesions express their epileptogenic potential in the envi-
ronment with altered GABAergic transmission. However, 
spontaneous seizures have not been observed.

Recently this model has been revived. It has been dem-
onstrated that E17 and E19 irradiation is associated with 
more severe pilocarpine-induced status epilepticus than E13 
or E15 irradiation is (199, 200). Similarly, the survival in E13 
and E15 groups was higher than in E17 and E19 groups. 
Interestingly, irradiation on E13 also decreased epileptogenic-
ity of the postnatal mechanical injury inflicted on P30 (201). 
If the kainic acid status epilepticus model was employed, 
the profile was opposite to that found in pilocarpine model; 
that is, irradiation on E13 and E15 produced more severe 
symptoms than the irradiation on E17 and E19 did (202).

GENETIC PREDISPOSITION TO SEIZURES 
AND EPILEPSIES

Many forms of human epilepsy are genetically determined 
(203). The mechanisms by which a multitude of genetic 
aberrations alter epileptogenicity are unclear. To date, there 
are several models of genetically determined epilepsy avail-
able in baboons, in rats, and many mutant mouse strains 
with epileptic disorders (42, 204). The major advantage of 
gene mutation models is the occurrence of spontaneous sei-
zures. The disadvantages may be that there may not be any 
obvious human correlate, or if there is, the developmental 
profile may not be similar to that of human epilepsy.

BABOONS

There is a subpopulation of Senegalese baboon with 
genetically determined photosensitive epilepsy, which was 
one of the earliest genetic epileptic disturbances studied 
(205–210). Rhythmic photic stimulation induces progress-
ing myoclonus. The model reflects a quite rare human 
condition of reflex myoclonus (211). These baboons do 
not develop their photosensitivity until prepubertal age. 
The model is now rarely used because of decreased avail-
ability of these baboons and the ample availability of 
mutant mouse models. However, spontaneous myoclonic 
as well as tonic-clonic seizures have been observed in 
other baboon subspecies such as Papio hamadryas anubis
and cynocephalus/anubis (212, 213). Photosensitivity is 
also present in these baboons (213).

RATS

There is a well-established model of generalized tonic-
clonic (or brainstem) seizures in the rat induced by intense 

auditory stimulation. This genetically epilepsy-prone rat 
(GEPR) is susceptible to environmentally induced sei-
zures that cannot be precipitated in neurologically normal 
subjects. Drug studies suggest that decrements in mono-
aminergic transmission may be one of the seizure sus-
ceptibility determinants. However, nonmonoaminergic 
abnormalities may also play an important role in seizure 
predisposition of the GEPR (214–216).

There are two rat models with spontaneous spike-
and-wave discharges akin to human absence seizures: 
The genetic absence epileptic rat of Strasbourg (GAERS) 
(217) and WAG/Rij strain with spontaneous absence 
epilepsy from Nijmegen (218) bring potentially useful 
information about the mechanisms involved in the gen-
eration of absence epilepsy in humans. The age of onset 
of these seizures is relatively late, so these models cannot 
be used for study of absence seizures early in life. Thus, 
spontaneous seizures in GAERS begin to occur well after 
4 weeks of age, and their incidence increases till adulthood 
(219). In the WAG/Rij strain, the seizures occur even later, 
around PN75 (220). This is in contrast to human absence 
epilepsy, which begins in childhood and by puberty may 
even spontaneously remit. On the other hand, the elec-
troclinical correlation between these models and absence 
seizures is quite good, and thus the models may bring new 
information on the mechanisms of genesis of spike-and-
wave rhythm and the associated behaviors (Table 1-4).

In the flathead mutant rat, the seizures develop in 
immature animals already during the second postnatal 
week. The seizure phenotype is related to cortical malfor-
mations, including microcephaly, and cellular abnormali-
ties such as cytomegalic neurons and abnormal neuronal 
death with preferential loss of GABAergic interneuons 
(221–224). These seizures are myoclonic with loss of 
posture. Toward the third postnatal week, the seizures 
become rather tonic and lead to premature death (222).

Mice

A single-locus neurological mutation in mice provides 
a powerful genetic model system for exploration of the 
diversity of mechanisms that widely underlie epilepsy. 

TABLE 1-4
Pros and Cons of Genetic Absence Models in Rats

ABSENCE SEIZURE MODELS IN GENETICALLY PRONE RATS

Positive features Spontaneous seizures
Good electroclinical correlation to 
 human absences
Good response to antiabsence 
 drugs

Negative features  Developmental discrepancy with the 
 onset of human absence seizures
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Many spontaneous as well as engineered gene muta-
tions were identified in mice and are now an important 
tool to study epilepsy syndromes, with the information 
well exceeding the extent of this chapter. Recently, sev-
eral excellent reviews on this topic have been published 
(225–228); thus, we will not cover this topic in any detail, 
and only some models will be briefly discussed.

Significant efforts have concentrated on the search 
for the genes responsible for absence epilepsy. A systematic 
EEG survey of over 110 mapped mouse mutants revealed 5 
mutant genes, located on separate chromosomes, that dis-
play a pattern of spontaneous 6–7 Hz spike-and-wave dis-
charges accompanied by behavioral arrest, myoclonic jerks, 
and uniform responsivity to treatment with ethosuximide 
(204). These mouse strains have been classified according to 
the prevalent behavioral feature such as “lethargic” (lh/lh), 
“tottering” (tg/tg), “ducky” (du/du), “mocha (2J)” (mh2J/
mh2J), and “stargazer” (stg/stg) and provide a strong evi-
dence for the genetic heterogeneity of the spike-and-wave 
trait in the mammalian brain. Developmentally, strains tg
and stg show the onset of spontaneous seizures during a 
2-day period between PN16 and PN18. Seizure frequency 
increases with age and reaches adult levels within one week. 
Seizure severity varies across the strains and is apparently 
also genetically linked. Thus, the rates for spontaneous sei-
zure are greatest in stg and lowest in du mice: stg �� tg
�� lh � mh 2J �du (229). These data show that a defect 
at a single gene locus is sufficient to produce a spontaneous, 
generalized spike-and-wave seizure disorder. Additionally, 
the EEG trait is genetically heterogeneous and can arise 
from several different recessive mutations. Finally, the back-
ground cellular mechanisms responsible for these mutations 
are not necessarily identical, and each mutation gives rise 
to a distinct syndrome with a typical seizure frequency, 
sensitivity to antiepileptic drugs (AEDs), and severity of 
the associated neurological phenotype (229).

Another mouse strain, with a mutation of the reeler
gene, has a significant brain anomaly, with layers of gray 
matter placed inside the forebrain white matter. Similarly, 
in the scrambler mice, mutation of the same gene pathway 
as in reeler mice leads to a disruption of the “inside-out” 
migration pattern of neocortical neurons during cortical 
development; instead, an “outside-in” pattern of migration 
is seen (42). Analogous situations are observed in humans, 
and the anomaly is termed double cortex. Like the X-linked 
genetically induced double cortex in humans (230), these 
large ectopias in mice are associated with seizures (42).

The tottering mouse exhibits intermittent focal myo-
clonic seizures with ataxia from the fourth postnatal week 
(231–233). In this model there is an increase in the axonal 
projections originating from the locus coeruleus, which 
corresponds to overproduction of norepinephrine in the 
terminal fields, especially within the cortex (233, 234).

The Otx1–/– mouse is characterized by micro-
cephaly, with the reduction expressed especially in the 

neocortex (235–238). Reduction of neuronal numbers 
involves mostly GABAergic interneurons. The seizures 
in these mice start occurring during the fourth postnatal 
week and are characterized by head nodding and forelimb 
clonus with rearing and falling.

EXPOSURE TO EPILEPTOGENIC STIMULI 
(FEVER, INFECTION, HYPOXIA) 

DURING DEVELOPMENT

Infants are exposed to a high risk of epileptogenic stimuli, 
represented by greater exposure to infectious agents that 
lead to fever and sometimes to cerebral infections. Neo-
nates and infants may also often suffer from perinatal 
hypoxia/ischemia. In susceptible subjects, these stimuli 
may induce seizures, and because of the higher suscepti-
bility of the young brain to seizures, these seizures occur 
multiple times a day and may be difficult to control with 
currently available AEDs (239–245). Several investigators 
have begun studying the effects of high temperature or 
hypoxia on seizures in rats with normal and abnormal 
brain. The pertinent questions are the following: In the 
experimental models, do the stimuli, such as fever or 
hypoxia, induce seizures if delivered early in life? If yes, 
do they increase subsequent seizure susceptibility? Is this 
change permanent? If the stimuli do not produce acute 
seizures, do they alter future susceptibility anyway? To 
date, there are studies using hyperthermia or hypoxia as 
the seizure-triggering stimuli in the developing brain. So 
far, there are no reports on infection-induced seizures.

Normal Brain

Hyperthermia-induced seizures can be effectively and reli-
ably induced in developing rats (246–249), and may be a 
valuable model to assess developmental seizure susceptibil-
ity as a result of preexisting alterations, such as hypoxia 
(250). In PN10–11 rats, hyperthermia can be induced by a 
stream of heated air, and the seizures are easily determined 
by both behavioral and electroencephalographic criteria 
(247). In this model, stereotyped seizures are generated in 
almost 95% of subjects. EEG correlates of these seizures 
are not evident in cortical recordings but are present in 
recordings from the amygdala and hippocampus. There is a 
low mortality (11%) and long-term survival. This model is 
suitable for long-term studies and appears to be extremely 
valuable for studying the mechanisms and sequelae of 
febrile seizures (247). Although hyperthermic insult pro-
duces seizures in infant rats, the question is whether this 
insult results in spontaneous seizures. A long-term follow-
up study indicates that in normal, brief hyperthermic sei-
zures on PN10, there is no spontaneous seizure outcome. 
However, if prolonged (24-min duration) hyperthermic 
seizures are inflicted on PN10–11, spontaneous limbic 
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seizures, defined by both motor and EEG patterns, occurred 
in about 35% of subjects at 3 months of age (251). Inter-
ictal discharges were found in 88% of rats in the hyper-
thermic seizure group. None of these phenomena were 
recorded in rats subjected to hyperthermia without seizures 
(blocked by pentobarbital) or in the rats removed from the 
cage for separation stress control (251). This was elegant 
experimental evidence that severe hyperthermic seizures 
early during development may result in development of 
epilepsy. An additional study demonstrated that there are 
sex differences in cytogenic response to hyperthermic sei-
zures induced on PN10, determined at PN66 by counts of 
5-bromo-2´-deoxyuridine (BrdU)-positive cells after BrdU 
administration between PN11 and PN16 (252). Male rats 
had significantly more BrdU-positive cells than controls, 
while there was no difference in female rats. The model 
of hyperthermic seizures in normal brain has been fur-
ther developed by using a neuroimmune challenge with 
lipopolysaccharide to increase body temperature while 
concurrently a subconvulsive dose of kainic acid has been 
administered. This treatment resulted in seizures in about 
50% of rats with no neuropathology (253).

Other studies concentrated on compromising the 
young brain with a hypoxic insult (254–257). In one 
study, rat pups, exposed to a 3% O2 on PN10, were either 
kindled or exposed to corneal electroshock at adulthood 
PN70. Neither kindled seizure development from the 
septal nucleus or amygdala nor electroconvulsive shock 
profiles were significantly altered by hypoxic pretreatment 
(258). In another study, rat pups were subjected to 6% O2
hypoxia on PN1 or PN10. In flurothyl-induced seizures 
and amygdala kindling, there were no differences between 
hypoxic rats and rats not exposed to hypoxia (255). In 
contrast, a study that subjected rats on PN5 to hypoxia 
demonstrated a slight transient increased susceptibility to 
seizures induced by hippocampal stimulation (256). In the 
hippocampal kindling model, mild or moderate hypoxia 
at PN15 did not change seizure susceptibility, while severe 
hypoxia associated with ischemia delayed the development 
of kindled seizures (259). Jensen et al. (254) determined the 
long-term consequences of exposure to hypoxia at PN10 in 
adult rats. While young rats exposed to hypoxia on PN10 
did not perform differently in the water maze, open field, 
and handling tests compared to nonhypoxic age-matched 
controls, these rats were more susceptible to flurothyl-
induced seizures in adulthood. This effect was enhanced 
in those PN10 hypoxic rats that had suffered from seizures 
during hypoxia. A detailed analysis (260) showed that 
global hypoxia (3–4%) induces acute seizure activity in 
young rats during a developmental window between PN5 
and PN17 with a peak around PN10–12. Animals rendered 
hypoxic between PN10 and PN12 had long term decreases 
in seizure threshold. Hypoxia-induced seizures and long-
term changes in seizure susceptibility could be prevented by 
excitatory amino acid antagonists. There was no apparent 

histological damage in these rats, suggesting that the neu-
ronal changes are only functional (260). Chiba (257) 
showed that rats suffering from severe 0% O2 hypoxia 
on PN10 have increased susceptibility to pentylenetetrazol-
induced seizures in adulthood. Moreover, 13 of 20 hypoxic 
rats developed status epilepticus, while none of the 20 
controls experienced status epilepticus. Additionally, the 
amygdala kindling rate in adult rats subjected to hypoxia 
on PN10 was twice as fast as in controls. Although none 
of the hypoxia models induced spontaneous seizures, their 
value is in showing that hypoxia and hypoxia-induced 
seizures in young brain may increase (under certain cir-
cumstances) seizure susceptibility in adult brain although 
it may not alter other brain functions. The mechanism 
for increased seizure susceptibility after neonatal hypoxia 
may be the plastic calcium-dependent downregulation 
of GABAergic synaptic transmission (261). In a recent 
study, a combined hypoxia-ischemia was accomplished 
by a ligation of the right common carotid artery in PN7 
rats together with 2-hour exposure to 8% oxygen. The 
outcome included development of spontaneous seizures 
in 40% of rats, along with ipsilateral hippocampal lesions 
and bilaterally increased Timm stain scores in the inner 
molecular layer of the dentate gyrus (262).

Thus, the available data suggest that febrile seizures 
and hypoxia-induced seizures may have model-specific 
consequences (254, 258). This is in agreement with epi-
demiological prospective studies in humans, which sug-
gest that the outcome depends on the underlying disease 
rather than on the seizure itself (239).

Abnormal Brain

There are only few attempts to study the role of elevated 
temperature or hypoxia in animals with abnormal brain, 
although this situation may be relatively frequent in neo-
nates and infants with seizures (263, 264).

In one study, where neuronal migration disorders were 
induced by prenatal administration of the alkylating agent 
MAM, rat pups at PN14 had a higher incidence of hyper-
thermia-induced behavioral seizures and mortality rate than 
controls. Moreover, in rats with the neuronal migration dis-
order, hyperthermia resulted in hippocampal pyramidal cell 
loss independent of seizure activity (39). Similarly, neonatal 
(PN1) freeze lesion enhances susceptibility to hyperthermic 
seizures on PN10 (44), and in this case, with a long-term 
observation, spontaneous seizures may occur (43). How-
ever, more long-term studies are needed to better understand 
the long-term effects of developmental seizures.

CONSEQUENCES OF SEIZURES

In human epilepsy as well as in epilepsy models in ani-
mals, there are frequent findings of brain anomalies (265). 
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In temporal lobe epilepsy in adulthood, sclerosis of the 
cornu ammonis (CA) is frequently found. Detrimental 
seizure syndromes in childhood (catastrophic epilepsies 
such as West syndrome and Lennox-Gastaut syndrome) 
are associated with a broad spectrum of pathoanatomic 
abnormalities involving dysraphic states, disruption of 
neuronal migration with pachygyria, neuronal necrosis, 
and microdysgenesis (180, 266). The principal questions 
that divide clinicians and researchers are the following: 
Are repeated seizures or status epilepticus the primary 
cause for hippocampal damage? Do severe seizures 
develop as a consequence of previous seizure-induced 
hippocampal damage? Is seizure-induced hippocampal 
damage developmentally regulated (267)?

Seizure-Induced Structural 
Hippocampal Damage

Studies in adult animals have shown that severe or 
repeated seizures can indeed induce hippocampal damage 
(268–274). In the adult rats, kainic acid or pilocarpine 
administration or electric stimulation produce status epi-
lepticus and hippocampal damage. This seizure-induced 
damage is more pronounced in CA3 and hilar cells than in 
CA1 (145, 269, 273, 274) and is accompanied by sprout-
ing of the mossy fibers of the granule cells in the dentate 
gyrus to the supragranular layers (275–281). Later, after 
1–2 months, this damage may facilitate the develop-
ment of spontaneous seizures and may result in serious 
behavioral deficits (140, 282, 283). Thus, the relationship 
between seizures and hippocampal damage in the adult 
brain appears to suggest that repeated prolonged seizures 
induce hippocampal damage, which further deteriorates 
brain function and begets further seizures.

The situation in the developing brain is still under 
investigation. Several studies in developing animals indi-
cate that severe seizures induced by kainic acid, pilocar-
pine, or flurothyl do not produce extensive damage in the 
dorsal hippocampus until the end of the third postnatal 
week (28, 284–289). In PN15 rats, minor hippocam-
pal damage was observed after pilocarpine- (lithium/
pilocarpine) induced status epilepticus (289), specific 
for the CA1 region (150). Similarly in this age group 
rats, there is no synaptic reorganization following kin-
dling, kainic acid, or flurothyl-induced status epilep-
ticus (284). This is in contrast with the propensity of 
the immature brain to develop status epilepticus, which 
is much higher than that of the adult brain (26, 290). 
However, under certain circumstances in certain models 
(149), damage may occur even in young rats. Already in 
PN15 rats, lithium/pilocarpine-induced status epilepticus 
may induce damage in hippocampal CA1, subiculum, 
neocortex, amygdala, and thalamus, demonstrating addi-
tional involvement of extrahippocampal structures (150). 
In weanling PN21 rats, this injury is widespread (150, 

267, 291), and with time, spontaneous seizures occur 
in 73% of rats (149, 152). Another study determined 
neuron-specific enolase as a marker of neuronal dam-
age after lithium/pilocarpine-induced status epilepticus. 
Interestingly, this enzyme increased in serum already in 
PN15 rats after status epilepticus; however, the increase 
was about 50% compared to controls. In contrast, there 
was a 500% increase in adult rats (292). Taken together, 
the data suggest that the immature hippocampus is more 
resistant to the development of seizure-induced hippo-
campal damage than the adult hippocampus, at least in 
terms of the classical pathology termed mesial temporal 
sclerosis (Figure 1-7) (293).

Thus, it seems that the young hippocampus is more 
resistant to seizure-induced damage and reorganization; 
however, this feature is seizure model specific. Similarly, 
the transfer from damage-resistant to damage-sensitive 
phenotype is not as abrupt as thought previously but 
follows an age-dependent continuum. The question why 
the young hippocampus is less sensitive to seizure-induced 
damage is still unanswered. One possible explanation 
may be that it is the extracellular calcium influx into adult 
neurons, due to excessive depolarizations (such as during 
status epilepticus), that induces neuronal death (294). 

FIGURE 1-7

Kainic acid–induced status epilepticus produces age-related 
hippocampal damage. Horizontal sections from adult rat 
(A, C) showing extensive cell loss in the hippocampal CA3 
subfield following status epilepticus. In comparison, in PN15 
rat, no cell loss is apparent (B, D). It should be noted that the 
severity of status epilepticus was greater in the PN15 rats than 
in the adults. Reprinted from Sperber EF, Haas KZ, Moshé 
SL. Developmental aspects of status epilepticus. Int Pediatr
1992;7:213–222 (293) with permission.
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Immature neurons receive larger loads of calcium through 
Ca2�-permeable, GluR2-free AMPA receptors. In con-
trast to adult neurons, they utilize powerful enzymatic, 
transport, and storage systems for management of these 
increased calcium loads, as demonstrated in neocortical 
neurons (295). After status epilepticus, these systems may 
clear intracellular excess of calcium rapidly enough either 
to prevent cell damage completely (296) or to induce only 
transient metabolic stress (137).

Seizure-Induced Functional Alterations

Are there any functional alterations in the immature brain 
as a consequence of severe seizures, similarly to those 
observed in the catastrophic epilepsies in childhood?

In developing rats, there are several studies with 
follow-up after severe seizures. An interesting difference 
between kainic acid- and pentylenetetrazol-induced sta-
tus epilepticus in PN10 and PN25 rats has been demon-
strated (297). At PN45, only status epilepticus induced 
by kainic acid at both juvenile groups elicited deficits 
in shuttle box conditioned avoidance learning although 
the other groups experienced pentylenetetrazol-induced 
status epilepticus of similar duration and intensity. Thus, 
the learning impairment seems to be specific for kainic 
acid toxin and not a consequence of status epilepticus. 
In a different study (140), a correlation between the 
age, behavioral, and morphological deficits was shown. 
The rats, which experienced kainic acid–induced status 
epilepticus on PN5 and PN10, performed normally in 
behavioral tasks in adulthood. Rats exposed to kainic 
acid on PN20 demonstrated behavioral alterations in 
one task, while the rats exposed on PN30 rats were 
incapable of completing successfully all three tests and 
already have hippocampal lesions. Repeated flurothyl-
induced seizures in PN15 rats (three times daily for 
5 days) impaired the performance of these rats in adult-
hood in the water maze and auditory location but did 
not induce any gross morphological deficits in the hip-
pocampus (298). Indeed, seizures in immature rats also 
have long-term metabolic consequences, as shown by 
several studies (134, 299–301). An interesting insight 
on long-term effects of status epilepticus in young brain 
was recently published (134). In young rats subjected 
to pentylenetetrazol-induced status epilepticus at either 
PN10 or PN21, neurons in the neocortex, hippocampus, 
thalamic and hypothalamic nuclei were transiently stained 
with acid fuchsin, with a peak occurring at 24 hours after 
the seizures. This staining was accompanied by short-
term increase and long term (in adulthood) decrease in 
the metabolic rate and blood flow rate in the respective 
structures, but not by cell degeneration. The study dem-
onstrated that immature neurons, in contrast to adult 
neurons, were only transiently stressed by status epi-
lepticus, without gross morphological damage but with 
long-term metabolic consequences (134). Several studies 

have investigated properties of hippocampal neurons 
after a series of brief flurothyl-induced seizures during 
neonatal (PN1–5) period. The seizure led to permanent 
changes in the intrinsic membrane properties of CA1 
hippocampal neurons, such as the reduction in spike 
frequency adaptation and afterhyperpolarizing potential 
following the spike train (302). Additionally, miniature 
inhibitory postsynaptic potentials (IPSPs) were reduced 
in amplitude and frequency in CA3 pyramidal cells, 
suggesting impairments of GABAA inhibitory transmis-
sion, although there was no change in the GABAA switch 
from depolarizing to hyperpolarizing effects (303). An 
interesting study (304) investigated in cognitive effects 
of multiple brief seizures, brief seizures combined with 
preceding status epilepticus, and status epilepticus alone 
elicited in the immature rats. Only the combination of 
the status epilepticus and brief seizures caused decrease 
in performance in the Morris water maze two weeks after 
the last seizure. Interestingly, there was no histological 
neuronal injury in any of the groups.

A singe injection of NMDA on PN15, which pro-
duced flexion seizures but not tonic-clonic seizures, 
resulted in significant impairment of spatial navigation 
in Morris water maze task in adulthood. It should be 
mentioned that this treatment does not produce any gross 
morphological deficits (305).

These findings may suggest that although status epi-
lepticus early in life does not produce hippocampal dam-
age, it may impair other behaviors. The effects of seizures 
may be specific to the seizure type or the agent used to 
induce the seizures. It appears, however, that at the earlier 
developmental stages of the brain, the seizures must be 
very severe to induce at least some long-term functional 
alterations. It should be noted however that all these stud-
ies have been performed in normally developing rats. To 
better understand the impact of seizures in catastrophic 
epilepsies, similar studies should be performed in rats 
with pre- or perinatally compromised brains (39).

Seizure-Induced Alterations in 
Seizure Susceptibility

Since the nineteenth century, there has been a dictum in 
human epilepsy that “seizures beget seizures” (306). Ani-
mal studies support this theory in adults in many models 
of seizures. However, the question of whether seizures 
beget seizures early in life is under investigation.

Prepubescent (PN30) and adult rats subjected to 
kainic acid–induced status epilepticus demonstrate a 
high incidence of spontaneous recurrent seizures and an 
increased susceptibility to seizures induced by kindling 
and flurothyl. However, kainic acid–induced seizures of 
similar severity in younger animals (earlier than PN20) 
have a low rate of spontaneous recurrent seizures in adult-
hood and do not differ from controls in their susceptibil-
ity to kindling- or flurothyl-induced seizures (140, 283, 
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290). Long-term consequences have also been determined 
in the pilocarpine model of epilepsy in immature rats. In 
adult rats, this model is characterized by an acute period 
of status epilepticus, a silent period, and a chronic period 
of spontaneous recurrent seizures. However, spontaneous 
recurrent seizures occurred only in the rats exposed to 
pilocarpine-induced status epilepticus after PN18 (307).

Kindling in developing rats has demonstrated that rat 
pups easily kindle beyond stage 5 (25) to severe seizures 
(stages 6–8) (59, 308). Similarly in kittens, the development 
of kindling was progressive and permanent (36). These 
studies demonstrated that in the young brain, kindling 
is permanent although there are no permanent synaptic 
changes in the dentate gyrus. Thus, these studies sug-
gest that early in life there may be a dissociation between 
seizure-induced damage and permanence of seizures. 
Although permanent, the kindling seizures are still trig-
gered by an external stimulus; however, on rare occasions 
few spontaneous seizures have been observed (36, 59).

Different results were obtained by unilateral intra-
hippocampal injection of tetanus toxin in PN9–11 rats 
(37). Within 24–72 hours the rat pups develop frequent, 
prolonged behavioral and electrographic seizures in both 
the injected and contralateral hippocampus and bilater-
ally in the neocortex with multiple independent spike 
foci. One week following tetanus toxin injection, the 
number of seizures decreases; however, interictal spiking 
persists. In adulthood, some of these rats develop unpro-
voked behavioral seizures and/or epileptiform EEG activ-
ity. Analysis of the hippocampal slices of the seizing rats 
in adulthood shows burst discharges and paroxysmal 
depolarizing shifts in CA3 neurons, suggesting long-term 
changes in neuronal membrane properties (37).

An interesting study investigated the relationship 
between numbers of hyperthermic seizures early during 
the development and subsequently to subconvulsant doses 
of pilocarpine at PN60–70. The study demonstrated that 
the risk of epilepsy development after the subconvulsant 
pilocarpine dose was parallel to the number of hyperther-
mic seizures experienced during the developmental period 
(309). This finding correlates with a recent study demon-
strating that severe hyperthermic seizures on PN10–11 
result in development of limbic epilepsy in adulthood 
(251). These findings indicate that a relatively strong epi-
leptogenic stimulus is required during infantile period for 
development of seizures in adulthood. The intensity of 
this stimulus must be sufficient to activate both GABAA
and NMDA transmission, since a collaboration of these 
two systems has been proposed to result in early devel-
opmental epileptogenesis (310).

Thus, the results suggest that in the normal rat, sei-
zures that are triggered prior to the third week of life can 
on occasion predispose the brain to seizures in adulthood, 
either triggered (kindling) or spontaneous (tetanus toxin 
injection). It is interesting that on both occasions seizures 
early in life altered the subsequent seizure susceptibility 

if the seizures were multiple. However, a bout of status 
epilepticus does not appear to beget seizures later on.

COMMENTS ON AGE-SPECIFIC TREATMENTS

Based on clinical experience, it has been accepted that 
many AEDs that are effective against partial seizures in 
adults may also be effective against partial seizures in 
infancy and early childhood (311). However, the develop-
mental neurobiology data discussed in this review suggest 
that the young brain is not just a small version of the 
adult brain. There are many age-related features, factors, 
and functions in the young brain that may specifically 
affect seizure susceptibility and seizure suppression (312). 
Therefore, the treatment of seizures should reflect these 
maturational changes. Additionally, there is the concern 
about the long-term effects of antiepileptic drug treatment 
on brain development. Thus, the relevant questions are: 
What are the best age-specific treatments of seizures for 
the young brain? How aggressive should this treatment 
be in terms of total seizure control, if the available drugs 
produce undesirable (and occasionally long-term) side 
effects? With this in mind, the consensus conference (311) 
held on the development of antiepileptic drugs in children 
proposed that studies for screening putative antiepileptic 
drugs should be performed in immature animals as well as 
in adult animals to identify agents that may be age-specific. 
In addition, the long-term effects of these drugs in the 
developing brain should be carefully assessed (311).

There are several developmental studies showing 
age-specific short-term (acute) effects of classic AEDs, 
GABAergic drugs, and excitatory amino acid antagonists in 
seizures during development (Table 1-5) (313–320). Unfor-
tunately, for several drugs the beneficiary acute anticonvul-
sant effects may be associated with long-term toxicity. Some 
drugs may even have acute toxic effects in the young brain 
at doses that may be therapeutic in the adult brain.

TABLE 1-5
Age-Specific Effects of Antiepileptic Drugs in Rats

ANTIEPILEPTIC DRUGS

 HIGHLY EFFECTIVE EFFECTIVE IN

IN DEVELOPING  ADULT BRAIN,
 BRAIN, LESS  INEFFECTIVE OR

EFFECTIVE EFFECTIVE OR TOXIC IN

AT ALL INEFFECTIVE IN DEVELOPING

AGES ADULT BRAIN BRAIN

Carbamazepine Vigabatrin Phenytoin
Phenobarbital Baclofen Pyridoxine
Midazolam MK-801 
Clonazepam
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Drugs Effective against Seizures at All Ages

Carbamazepine as well as AEDs that enhance GABAA-
mediated inhibition, such as phenobarbital and ben-
zodiazepines (i.e., clonazepam and midazolam) are 
approximately equipotent in both young and adult rats in 
several seizure models (316, 321–324). However, in PN12 
rats in pentylenetetrazol-induced seizures, phenobarbital 
and carbamazepine can suppress tonic-clonic seizures and 
at the same time increase the incidence of clonic seizures 
(322, 323). This suggests that these drugs may have dif-
ferential effects on various seizure types within a single 
model. Acute administration of phenobarbital prior to 
kainic acid inhibits clonic seizures in both PN12 and adult 
rats (321). However, chronic daily administration of phe-
nobarbital after the kainic acid challenge may have more 
detrimental effects on memory, learning, and activity level 
than kainic acid–induced seizures per se (325).

Drugs Effective against Seizures in the 
Developing Brain but Ineffective or Less 

Effective in Adults

Systemic administration of vigabatrin (gamma-vinyl GABA; 
an irreversible inhibitor of the GABA-degrading enzyme 
GABA-transaminase) 24 hours prior to seizure testing is 
effective in PN15 but not in adult rats in the flurothyl sei-
zure model (316). Baclofen (a GABAB receptor agonist) 
administered systemically is also much more effective in 
PN15 than in adult rats against flurothyl-, pentylenetetrazol-, 
and kindling-induced seizures (316, 326, 327).

Most of the excitatory amino acid antagonists, such 
as MK-801 (dizocilpine; noncompetitive antagonist of 
NMDA receptors) and 2-amino-7-heptanoic acid (competi-
tive antagonist of NMDA receptors) are more effective in 
PN12 rats against pentylenetetrazol- and flurothyl-induced
seizures than in adult rats (317, 328, 329), an effect that 
may be associated with blood-brain barrier maturation. 
In contrast, MK-801 exacerbates kainic acid–induced sei-
zures in neonatal and PN11–12 rats and, in higher doses, 
induces ictal electrographic and behavioral manifesta-
tions (330). Repeated administration of MK-801 in neo-
natal rats induces a significant decrease in brain size and 
weight (331, 332). In humans MK-801 has significant 

behavioral effects, which are the reason for its withdrawal 
from clinical trials (333).

Drugs Effective against Seizures in Adults but 
Less Effective or Toxic in Developing Brain

There are drugs with acute toxic effects in the young brain 
after doses that may be therapeutically effective or even 
inactive in the adult brain. Phenytoin, which is an effec-
tive antiepileptic drug in both adult and young patients 
(334, 335), may be toxic in high doses (336). Whereas in 
the pentylenetetrazol model of seizures, phenytoin is anti-
convulsant throughout development (337), high doses 
of phenytoin per se may be toxic and proconvulsant in 
young rats (319). Similarly, high doses of pyridoxine may 
be toxic in PN12 and PN18 rats (338).

With certain drugs, such as the NMDA receptor 
antagonist CGP39551, the anticonvulsant activity is 
much stronger in adult than in PN12 rats (315). There 
may be several reasons for this effect, such as the existence 
of an active metabolite of the drug preferentially synthe-
sized in the adult brain (339) or the delayed maturation 
of brain uptake mechanisms for the drug. Additionally, 
an important study revealed that, in fact, some of the 
anticonvuslant drugs commonly used in children, such as 
valproate, phenobarbital, phenytoin, and vigabatrin, may 
significantly increase apoptosis in the therapeutic concen-
tration range (340). The reason for this effect may be a 
therapy-induced significant decrease in neuronal activity 
during the developmental period of synaptogenesis, with 
disruption of the timing and sequence of synaptic connec-
tions. This causes nerve cells to receive an internal signal 
to undergo apoptosis (341).

FUTURE RESEARCH DIRECTIONS

The Need to Create Models of Spectrum of 
Brain Anomalies and Determine Pathology-

Specific Epileptogenicity

Table 1-6 (180, 342) summarizes brain anomalies found 
in catastrophic epilepsies of childhood. This wide variety 
of anomalies may have a pre-, peri- or even postnatal 

TABLE 1-6
Brain Anomalies Associated with Catastrophic Epilepsies of Childhood

SYNDROME BRAIN ANOMALIES

West syndrome  Neuronal migration disruptions, pachygyria, brain weight reduction, neuronal necrosis, 
 dysgenesis, dysraphic states (180)

Lennox-Gastaut syndrome  Small foci of neuronal necrosis in the cortical and subcortical structures of forebrain, also 
 in the cerebellum (342)
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origin. Experimentally, there are two models of prenatally 
induced neuronal migration disorder available: methyl-
azoxymethanol-induced DNA alkylation and prenatal 
irradiation resulting in severe neuronal migration dis-
orders in the affected offspring (Table 1-3). There is a 
model of epileptogenic perinatal damage with microgyria 
induced by neocortical freezing (41) as well as genetically 
produced models of brain anomalies (42).

There is a need to develop, experimentally, addi-
tional severe migration disorders that should involve pre-
natal and perinatal neuronal alterations, alterations of 
radial glia, and pre- or perinatal to determine the epileptic 
potential and consequences of these disorders.

The Need to Create a Model of Chronic 
Epilepsy/Catastrophic Epilepsy

In the rat, infancy and childhood last a mere 5-week period 
until the onset of puberty. In cats (36) the process is slower 
and can be studied for months (with puberty arriving at 
7–9 months). Although the developmental models of sei-
zures and progressive epileptic state (kindling) may bear 
certain similarities to many therapy-responding epileptic 
seizures in childhood, there are no models of intractable 
childhood seizures (or catastrophic epilepsies of childhood,
such as early infantile epilepsies or West and Lennox-
Gastaut syndromes). The available models of severe sei-
zures that eventually express spontaneous seizures have an 
early developmental limit: they do not occur if the inducing 
condition (status epilepticus) occurs before PN18 in the 
rat—that is, later than the age corresponding (7, 9) to the 
ages of West and Lennox-Gastaut syndrome in infants. 

Therefore, in the rat, there should be a search for age-
specific seizures within the age window between PN10 and 
PN20 with intractable features that would be similar to cat-
astrophic childhood epilepsies and would provide a model 
to screen putative AEDs and to determine mechanisms of 
these therapy-resistant syndromes. In this respect, there may 
be promise in the tetanus toxin model, which results in the 
development of spontaneous seizures. NMDA receptor ago-
nists also produce age-specific, intractable flexion seizures 
with certain features of the West and Lennox-Gastaut syn-
dromes, although without the development of spontaneous 
seizures (21, 343, 344). These seizures produce long-term 
cognitive deficits (305). Additional recent data demonstrate 
that the flexion spasm model induced by systemic injection 
of NMDA in the brain prenatally exposed to corticoste-
roids is sensitive to ACTH therapy (345). However, further 
research in this area is still justified.

The Need for Further Investigations on Gender 
Differences in Seizure Susceptibility

Historic data from patients suggest that there may be sig-
nificant gender-related differences in seizure susceptibility 
(306). These differences have been studied in several ani-
mal models of seizures (346–349). The results are mostly 
in favor of the anticonvulsant action of progesterone and 
its derivatives and the proconvulsant action of estrogens. 
However, these conclusions are not supported by all stud-
ies. There are many factors involved, including the dose 
and duration of estrogen effects, estrogen type, and gender 
of the recipient (Table 1-7). In particular, low doses of beta-
estradiol in females may have beneficial effects, especially 

TABLE 1-7
Factors Affecting Effects of Estrogens on Seizures and Seizure-Induced Damage

 ANTICONVULSANT

 (NEUROPROTECTIVE)
FACTORS OR NO EFFECT PROCONVULSANT EFFECT

Sex Females Males
Estrogen dose/level Low/physiological High/supraphysiological
Pretreatment Chronic Acute
Estrogen type Beta-estradiol All other
Brain region/nuclei Ventral hippocampus Dorsal hippocampus
 Amygdala
Seizure model Flurothyl Pentylenetetrazol
 Pilocarpine Electroshock
 Kainic acid
 NMDA
 Picrotoxin
Hormonal status in females Estrogen replacement Ovariectomy
 Normally cycling Aging

It should be emphasized that for the proconvulsant effect to occur, one proconvulsant factor is enough 
and in a combination of factors, the proconvulsant factor is prevailing.
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as means of neuroprotection against seizure-induced dam-
age (350–352). Furthermore, Holmes showed that anticon-
vulsant effects of progesterone in kindling occurred only 
in developing, but not in adult, rats (353, 354).

Additional studies show that gender differences, as 
reflected in the control of seizures, may be operant before 
puberty as a result of sexually dimorphic brain organiza-
tion (355–358).

The Need to Develop Age-Specific 
Antiepileptogenic and Neuroprotective 

Treatments

Though antiepileptic drugs have mostly antiseizure effects, 
by their mechanisms of action some of these drugs may 
interfere with both principal mechanisms of neuronal 
death: necrosis and apoptosis (Figure 1-8). Some of the 
current AEDs indeed have this potency (359). However, 
use of phenobarbital with neuroprotective and antiepi-
leptogenic intent in children with febrile seizures may be 
associated with a decrease in cognition (360). The question 
is how much this effect is associated with the aforemen-
tioned phenobarbital-induced increase in apoptosis (340). 
Similarly, there are other drugs with neuroprotective 
potential (such as felbamate) that may be harmful for 
the developing brain. In this regard, use of those add-on 

neuroprotective treatments that would not be associated 
with negative cognitive impacts may be advantageous.

The question remains as to how much this neuro-
protective effect of antiepileptic therapy is associated with 
functional antiepileptogenic effect (361). Here, the data 
are still controversial. Several authors demonstrate that in 
animal models, neuroprotective therapy during the win-
dow immediately after the status epilepticus reduces the 
percentage of animals that develop spontaneous seizures 
(362, 363). On the other hand, recent data indicate that
even though several antiepileptic drugs or other com-
pounds (e.g., MK-801) (364) are neuroprotective, none 
of them are antiepileptogenic in experimental models or 
in humans (365).

With the rapid expansion of knowledge in basic dis-
ciplines such as neurobiology, cell physiology, molecular 
biology, and neurochemistry, there is hope that appropri-
ate developmental models of epilepsy will be created to 
deal with epilepsies of infancy and childhood.
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FIGURE 1-8

Simplified scheme of possible treatment interventions during epileptogenesis. The current view is that epileptogenesis proceeds
from the initiating (precipitating) event to the first seizure (status epilepticus), which may induce structural and/or functional
changes. These changes make the condition permanent and contribute to further generation of recurrent seizures; that is, epi-
lepsy develops. The best treatment opportunity is to ameliorate the initial event; however, this event can be only infrequently
diagnosed and rarely predicted, which is a condition for successful amelioration. However, after the first seizure occurs, anti-
epileptic therapy can be combined with neuroprotection so that the permanent fixation of changes is prevented. This is prob-
ably the most promising area for therapy development. Symptomatic (current) treatment, unfortunately, cannot reverse already 
established morphological changes.
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Ion Channels, 
Membranes, and 
Molecules in Epilepsy 
and Neuronal Excitability

mportant advances have been made 
in molecular neurobiology that 
enhances understanding the regu-
lation of neuronal excitability in 

epilepsy and other brain functions. This research typi-
cally has involved antiepileptic drugs (AEDs) and other 
pharmacologic probes that have defined different mecha-
nisms affecting neuronal excitability. The investigation 
of AEDs in these systems has also shed new light on the 
molecular basis of epilepsy and on the mechanisms of 
AED action (1–5).

This chapter provides the scientific background to 
assist the clinician in keeping abreast of several rapidly 
advancing fields. It highlights issues that influence neuro-
nal excitability and seizures with emphasis on the mecha-
nisms of sustained repetitive firing (SRF), sodium channels, 
the gamma-aminobutyric acid (GABA)–chloride channel 
complex, potassium channels, excitatory transmission, 
regulation of metabotropic receptors, carbonic anhydrase 
inhibition, neuromodulators, calcium-mediated regulation 
of neuronal function, and inhibition of epileptogenesis. In 
considering these quite different mechanisms, this chap-
ter brings together many of the concepts considered in 
Chapters 4 and 30.

Laxmikant S. Deshpande
Robert J. DeLorenzo

SUSTAINED REPETITIVE FIRING (SRF)

Sustained high-frequency repetitive firing is an important 
property of vertebrate and invertebrate neurons that cor-
relates with the excitability state of the neuron (6–10). 
Many central nervous system (CNS) neurons exhibit SRF. 
Although no direct evidence has demonstrated the link 
between SRF and epilepsy, information from in vitro stud-
ies on isolated neurons may have some bearing on altered 
neuronal excitability and anticonvulsant action.

Sustained repetitive firing is a nonsynaptic property 
of neurons. The relevance of limitation of SRF to AED 
action is strengthened by several important observations. 
The therapeutic efficacy of each AED in controlling sei-
zures in animals and humans is similar to that for con-
trolling SRF in isolated, cultured neurons. These results 
indicate (7) that therapeutic levels of AEDs in cerebrospi-
nal fluid (CSF) correlate with the concentrations that are 
most effective against SRF. The effects of anticonvulsants 
in limiting SRF have been shown in a variety of neurons 
from different regions of the mammalian CNS maintained 
in culture. This argues that this effect is not unique to 
specific regions or cell types. Anticonvulsants prevent 
bursting in the epileptic focus and restrict the spread of 
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epileptic activity from the focus to normal surrounding 
tissue. Thus, suppression of SRF by anticonvulsants may 
inhibit excitability by inhibiting the spread of seizure 
activity. Membrane properties of nonepileptic neurons 
may be important in understanding drug mechanisms of 
action and may have a special relationship to the proper-
ties of SRF. SRF is an important model for studying the 
excitability of isolated neurons. 

SUSTAINED REPETITIVE FIRING AND 
SODIUM CHANNEL REGULATION

In studying SRF, several properties of neuronal excitabil-
ity and seizure phenomenon have been recognized. Voltage-
gated sodium channels are responsible for the rising phase 
of neuronal action potentials. Upon neuronal depolariza-
tion to action potential threshold, the sodium channel 
undergoes a conformational change that results in the 
channel opening for a few milliseconds from its closed 
(resting), nonconducting state to permit sodium flux. The 
channel inactivates within a few milliseconds to terminate 
sodium ion influx. The membrane must repolarize before it 
can be activated again by a subsequent depolarization. 
Brain sodium channels can rapidly cycle through the con-
ducting and nonconducting stages, allowing neurons to 
fire tonic high-frequency action potentials, as is required 
for both normal brain function and for the expression 
of epileptic activity characterized by SRF. Several agents 
block sodium channels to produce an antiepileptic effect. 
They include phenytoin, lamotrigine, carbamazepine, 
zonisamide, felbamate, topiramate, and valproate. The 
AEDs that block SRF have several properties in common. 
Blocking of SRF is voltage-dependent, and the anticonvul-
sant effect is use-dependent. Research on the role of the 
sodium channel in regulating SRF indicates that the drug 
effects on SRF are mediated through a use-dependent 
blockage of the sodium channel. Thus the block accu-
mulates with SRF, inhibiting only the pathological high-
frequency discharges but not the excitatory or inhibitory 
synaptic processes essential for normal brain functioning 
(11). Phenytoin and carbamazepine can reduce the ampli-
tude of the sodium-dependent action potential in a use-
dependent fashion (12). Phenytoin is thought to induce a 
nonconducting state of the sodium channel that is similar 
to channel inactivation (11, 13). These studies indicate 
that modulation of sodium channels by anticonvulsants, 
and possibly endogenous anticonvulsant-like molecules, 
may play an important role in the regulation of neuronal 
excitability in seizure discharge. Newer compounds such 
as safinamide, which is in clinical trials, are thought to 
produce anticonvulsant effect, at least in part, through 
inhibition of sodium and calcium channels, stabilizing 
membrane excitability and inhibiting transmitter release 
(14). Investigating the heterogeneity of sodium channels 

and their relationship to altered neuronal excitability is 
an area of important research.

BENZODIAZEPINE RECEPTORS AND 
MEMBRANE EXCITABILITY

In the 1970s use of radioactively labeled benzodiazepine 
derivatives allowed the detection of specific nanomolar 
benzodiazepine receptor sites in brain membrane (15–17). 
These sites have a very high affinity for the benzodiaz-
epines, binding in low (nanomolar) concentration ranges. 
Binding to these receptors is reversible, saturable, and 
stereospecific. Nanomolar benzodiazepine receptors 
have now been identified in human brain, where they 
are widely distributed. The specific membrane protein 
that accounts for the majority of nanomolar benzodiaz-
epine binding has a molecular weight of approximately 
50,000 daltons and has been purified from animal and 
human brain (18).

High-affinity benzodiazepine binding has also been 
observed in peripheral, nonneuronal tissue (19). A dif-
ferent class of benzodiazepine receptor molecules causes 
this binding, because both the potency and the tissue 
distribution of this binding are different from that at the 
central-type receptor. This second class of high-affinity 
benzodiazepine binding sites was designated “periph-
eral type receptor’’ (19), but it was subsequently shown 
that the peripheral-type benzodiazepine receptor is also 
present in neuronal tissue. Thus, both peripheral and 
central high-affinity benzodiazepine receptors exist in 
the brain.

High nanomolar and low micromolar benzodiaz-
epine binding sites have been identified more recently 
in brain membranes (20, 21). In addition, another ben-
zodiazepine receptor that binds in the high nanomolar 
range has been identified in brain cytosol (21). These 
novel benzodiazepine-binding sites are stereospecific and 
have potencies for benzodiazepine binding that correlate 
with the ability of these compounds to inhibit maximal 
electric shock–induced seizures. Benzodiazepine bound 
to micromolar benzodiazepine receptors is displaced by 
phenytoin. These results indicate that high nanomolar 
and low-micromolar-affinity benzodiazepine receptors 
may represent important anticonvulsant binding sites 
in brain membrane that mediate some of the effects of 
benzodiazepines in high concentration in curtailing status 
epilepticus, generalized tonic-clonic seizures, and maxi-
mal electric shock–induced seizures.

Benzodiazepines are effective in nanomolar concen-
trations in blocking pentylenetetrazol-induced seizures 
in animals and in treating absence seizures. In addition, 
benzodiazepines in high nanomolar and low micromolar 
ranges inhibit maximal electric shock–induced seizures 
in animals. Furthermore, benzodiazepines are effective 
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in humans in stopping generalized tonic-clonic seizures 
and status epilepticus when given in intravenous doses 
that produce low micromolar serum concentrations. 
The potency of the benzodiazepines in blocking maxi-
mal electric shock–induced seizures, however, correlates 
in neither time nor consequence with their ability to 
inhibit pentylenetetrazol-induced seizures or bind to the 
nanomolar central benzodiazepine receptor (20). Thus, 
other mechanisms appear to underlie this generalized 
anticonvulsant property of the benzodiazepines in high 
concentration ranges. Lower-affinity benzodiazepine 
binding sites in the high nanomolar and low micromolar 
ranges have also been described (20, 22). These lower-
affinity receptor sites come into play in the concentra-
tion ranges in which benzodiazepines produce effects 
on maximal electric shock–induced seizures in animals, 
on generalized tonic-clonic seizures in man, and on SRF 
in cultured neurons.

Diazepam and clonazepam reduce SRF in high 
nanomolar and low micromolar concentrations (7). 
These concentrations are above therapeutic free-serum 
concentrations achieved in ambulatory patients treated 
with benzodiazepines but are within the ranges of free-
serum concentrations achieved in patients treated for 
status epilepticus or acutely for generalized tonic-clonic 
seizures. In addition to the discrepancy in concentration 
ranges, the potency of benzodiazepines for suppressing 
SRF does not correlate with benzodiazepine binding to 
the nanomolar central receptor or with their ability to 
inhibit pentylenetetrazol-induced seizures but does cor-
relate with binding to the lower-affinity benzodiazepine 
binding system.

THE GABA SYSTEM, NEURONAL 
EXCITABILITY, AND SEIZURE ACTIVITY

Gamma-aminobutyric acid is the major inhibitory neu-
rotransmitter in brain. It has been extensively charac-
terized and plays a major role in regulating neuronal 
excitability by controlling chloride permeability (23–25). 
Specific binding sites for GABA molecules have been 
identified in neuronal membrane. Although not all GABA 
receptors are linked to the chloride channel, a large pro-
portion of these receptors are directly involved in regulat-
ing chloride channel function. The major inhibitory effect 
of GABA on the nervous system is mediated through its 
ability to regulate chloride channel permeability. GABA 
binding to the GABA receptor potentiates the opening of 
the chloride channel, allowing chloride ions to flow more 
easily into the cell. This causes cellular hyperpolariza-
tion and inhibits neuronal firing, because chloride ions 
increase the internal electrical negativity of the cell. This 
is believed to be the major mechanism by which GABA 
produces its inhibitory effect on neurons.

Functions of GABA in neuronal systems have been 
closely linked with the effects of the benzodiazepines 
(23–25). Significant portions of the nanomolar benzo-
diazepine receptors in the brain are associated with the 
GABA-binding sites and are thereby functionally linked 
to the chloride channel in neuronal membranes. The 
GABA–nanomolar benzodiazepine receptor/chloride 
ionophore macromolecular complex is an important 
example of the interrelationship between membrane 
receptors and neuronal excitability (25). The ability of 
AEDs and the benzodiazepines to modulate chloride con-
ductances is a major molecular mechanism regulating 
neuronal excitability.

The GABA–Chloride Channel Complex 
Regulates Seizure Discharge

The chloride channel is surrounded by a GABA recep-
tor, a nanomolar central benzodiazepine receptor, and 
a receptor site that binds picrotoxin and related con-
vulsants as well as barbiturates and related depressants. 
This channel and its properties, related to the benzodi-
azepines, GABA, and convulsant and barbiturate mol-
ecules, have been characterized in detail (26). Picrotoxin 
binds to the proposed site and modulates benzodiaz-
epine and GABA receptor binding in a way that inhibits 
chloride channel permeability, therefore making the cell 
more excitable. Barbiturate binding potentiates benzodi-
azepine receptor binding and thus indirectly potentiates 
the GABA effect on opening the chloride channel and 
enhancing neuronal inhibition. This complex interac-
tion between GABA, benzodiazepines, picrotoxin and 
related convulsants, and the barbiturates and related 
depressants is a prime example of how pharmacologic 
agents modulate the function of ion channels through 
specific receptor binding.

Benzodiazepines are an important class of com-
pounds that have antianxiety or anxiolytic effects and 
sedative, muscle relaxant, and anticonvulsant properties 
(15, 23–25, 27). As anticonvulsants, these compounds 
are effective in blocking both pentylenetetrazol-induced 
seizures in animals and, at higher concentrations, maximal 
electric shock–induced seizures. Benzodiazepines are the 
most commonly prescribed drugs for the initial treatment 
of generalized tonic-clonic seizures and status epilepticus 
in hospital emergency rooms. The anticonvulsant proper-
ties of the benzodiazepines, therefore, not only are of aca-
demic importance but also have widespread clinical use. 
The research characterizing this benzodiazepine receptor 
(16–19, 28, 29) demonstrates AED receptor–mediated 
regulation of neuronal excitability. Benzodiazepine binding 
to the nanomolar receptor site potentiates GABA effects 
on neuronal inhibition, providing one clear mechanism 
by which these compounds regulate neuronal excitability. 
Correlative neuropharmacologic studies have indicated 
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that the anxiolytic and anti-pentylenetetrazol-induced 
anticonvulsant activity of these compounds are medi-
ated through the high-affinity benzodiazepine nanomolar 
receptors. The effects of benzodiazepines on maximal 
electric shock–induced seizures and on generalized con-
vulsions, however, cannot be clearly explained by these 
nanomolar actions.

Stiripentol is a novel antiepileptic compound that is 
structurally unrelated to any of the other currently mar-
keted antiepileptic drugs (30). Studies in animal models 
have demonstrated that it produces anticonvulsant effect 
by increasing GABAergic transmission by enhancing the 
duration of opening of GABAA receptor channels (31). 
However, its clinical development was halted because of 
its inhibitory effect on cytochrome P450 enzymes. Despite 
this, it has been found to be beneficial for the treatment 
of early childhood epilepsy, and clinical trials are under 
way to further characterize its beneficial effect in pediatric 
patients (30).

Recently two types of GABAA receptor–mediated 
inhibition have come to the forefront: phasic and tonic. 
Synaptically released GABA, acting on postsynaptic 
GABAA receptors, produces “phasic” inhibition, whereas 
ambient GABA continually present in the extracellular 
space produces persistent activation of extrasynaptic 
GABAA receptors, resulting in “tonic” inhibition (32). 
Elegant studies by Istvan Mody’s group strongly indicate 
that distinct GABAA receptor subtypes mediate these tonic 
and phasic receptor-mediated inhibitions (32–34). They 
found that the alpha-4 GABAA receptor subtype were 
extrasynaptically located and were responsible for tonic 
inhibition (34). These results suggested that alpha-4/beta/
delta and alpha4/beta/gamma subunit–containing GABAA
receptors may be present exclusively extrasynaptically, 
have a higher affinity for GABA, and not desensitize on
the prolonged presence of agonist (35). On the other hand, 
alpha-1/beta/gamma-2 or alpha-2/beta/gamma-2 recep-
tors are thought to mediate phasic inhibition, since the 
synaptic currents are known to be sensitive to benzodiaz-
epines (36, 37). These studies provide another mechanism 
for GABAA regulation of synaptic activity.

GABAA- and GABAB-Mediated
Neuronal Inhibition

As described previously, the best-characterized inhibitory 
effect of GABA on the nervous system is to open chloride 
channels and hyperpolarize the membrane, an effect that 
is mediated through GABAA receptors. In addition to 
GABAA receptors, scientists have characterized GABAB
receptors that primarily open potassium channels in 
the membrane either pre-or postsynaptically. Opening 
potassium channels also results in hyperpolarization of 
the cell. Any alteration or decrease in GABA-mediated 
inhibition through GABAA or GABAB receptors can 

lead to seizures. Thus GABAB knockout mice exhibit 
spontaneous seizures (38). These data clearly indicate 
that GABA receptors in the regulation of chloride and 
potassium channels can regulate seizure discharge.

Potassium Channels

Potassium channels play a major role in regulating 
neuronal excitability. Although more than 20 types of 
potassium channels have been identified by biophysical 
studies, there are four major groups: calcium-activated, 
voltage-gated, sodium-activated, and inwardly rectify-
ing potassium channels. These different types of potas-
sium channels are regulated by neuromodulators, ions, 
and second messenger systems. The opening of potas-
sium channels has the effect of hyperpolarizing neurons 
or reversing depolarizing actions that exist during the 
transmission of the action potential or the neuroexcit-
atory input. Following depolarization, several calcium-
activated potassium channels play a major role in the 
after-hyperpolarization that occurs to restore the resting 
potential of a neuron (39). Electrographic studies on hip-
pocampal neurons from patients undergoing temporal 
lobectomies have demonstrated alterations in potassium 
channels in epileptic tissue (40). In addition, compounds 
that can block potassium channels and prevent the effect 
of these channels on hyperpolarization are potent convul-
sants. Fluoraminopyridine and dendrotoxin-I are potent 
convulsants that have been used in numerous animal 
models to cause seizures (41, 42). In addition, compounds 
that are currently used as antihypertensive drugs, includ-
ing chromakalim, minoxidil, diazoxide, and penicidil, 
act as potassium channel openers in muscle membranes 
and may have potential for use as anticonvulsant com-
pounds (43, 44). The possibility of developing new classes 
of compounds that can activate or potentiate potassium 
channel activity may play an important role in increasing 
hyperpolarization following excessive excitatory activity 
and may serve to reverse the decreased levels of some 
potassium channels observed in patients with epilepsy.

Some anticonvulsant compounds may also play a 
role as potassium channel openers. Carbamazepine has 
been found to enhance potassium conductances in neu-
rons (45). Other potential anticonvulsant compounds 
are being evaluated that may also potentiate potassium 
channel activation. Investigation of anticonvulsant drugs 
regulating potassium channels is a major frontier in the 
development of new anticonvulsant compounds. The small 
conductance Ca2�-activated K� (SK) channels inhibit epi-
leptiform bursting in hippocampal CA3 neurons. Com-
pounds activating or inhibiting voltage-gated potassium 
channels formed by KCNQ2, KCNQ3, and KCNQ5 
assembly (M-channels) are undergoing clinical trials for 
epilepsy, stroke, and Alzheimer’s disease (46). Mutation in 
KCNQ2/3 causing mild reduction of M-channel activity is 
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thought to enhance neuronal excitability associated with 
benign neonatal seizures. On the other hand, M-channel 
openers decrease the hyperexcitability responsible for epi-
leptic seizures and migraine. Indeed, retigabine is thought 
to produce antiepileptic effect by opening the KNCQ2/3 
channels (47, 48). This is a promising area for novel 
anticonvulsant drug development.

It is only in the recent past that scientists have begun 
to decipher the role of the hyperpolarization-activated 
cation (HCN) channel or h-channel (Ih) in regulating 
neuronal excitability and modulating seizures. The HCN 
family of genes consists of four subtypes and encodes 
HCN or Ih (49). HCN1 and HCN2 are the most prevalent 
subtypes in cortex and hippocampus, and HCN2 and 
HCN4 predominate in the thalamus. HCN3 is modestly 
expressed in brain (50). HCN has the unique capacity of 
being able to produce opposite biophysical effects. Thus, 
it can be either excitatory or inhibitory with respect to 
its influence on action potential firing. For example, Ih
can diminish the effect of excitatory inputs, or it can 
set normal resting membrane potential, depolarizing the 
membrane from the K� reversal potential toward the 
firing threshold, thereby producing an excitatory effect 
(51). There is a growing body of evidence implicating 
HCN in epileptogenesis (51–54). For example, Ih- and 
GABA-mediated inhibition is increased in febrile seizures 
(55, 56). Moreover, genetic deletion of HCN2 resulted in 
a mouse phenotype that exhibited spontaneous absence 
seizures as well as cardiac sinus arrhythmias, indicating 
that the absence of HCN2 is proconvulsive (57). There is 
conflicting pharmacologic evidence for the role of HCN 
in epilepsy (51). Certain AEDs, such as lamotrigine, act 
beyond their normal target—the Na� channels—and 
upregulate Ih, and they reduce action potential firing 
that is initiated from dendritic depolarization but not 
from somatic depolarization (52). On the other hand, 
other Na� channel blockers, such as carbamazepine or 
phenytoin, did not lower dendritic excitability (52). Thus, 
the action of lamotrigine on HCN may constitute an 
important, novel anticonvulsant mechanism. The role of 
the HCN channel in epilepsy is an important area for 
further investigation.

EXCITATORY TRANSMISSION

Glutamate is the major excitatory neurotransmitter in 
the brain. Understanding the role of excitatory transmis-
sion and its overactivation in epilepsy is an important 
area for anticonvulsant drug development. Only since 
the early 1980s has the role of glutamate, aspartate, and 
other compounds that serve as excitatory transmitters 
been clearly identified. Several important receptors have 
been identified in the brain that respond to glutamate 
and other excitatory neurotransmitters (58). The major 

glutamate receptors that regulate ion channels include the 
N-methyl-D-aspartate (NMDA), quisqualate or alpha-
amino-5-methyl-3-hydroxy-4-isoxazolepropionic acid 
(AMPA), and kainate channels. In addition, there are 
other, more recently identified subcategories of excitatory 
amino acid ion channels regulated by glutamate (59).

NMDA receptor–regulated ion channels are an 
important class of excitatory amino acid coupled chan-
nels in the brain that not only play a role in neuronal 
excitability but also have long-term effects on long-term 
plasticity changes in the brain. NMDA receptor–activated 
channels are permeable to sodium, potassium, and cal-
cium. They can be voltage-blocked by magnesium, which 
indicates that they can be in an operative form only when 
the cell is partly depolarized by other excitatory receptor 
activation. This type of modulation allows for complex 
regulation of NMDA receptor activity. For an NMDA 
channel to be activated, it is necessary for either the excit-
atory amino acid transmitter glutamate or aspartate to 
bind to the NMDA receptor site and for the molecule 
glycine or D-serine to bind at the neuromodulatory site on 
the receptor. Antagonists of either glutamate or glycine at 
their respective recognition sites can block this channel. 
Regulation of NMDA receptors may play an important 
role in the development of anticonvulsant drugs. In addi-
tion, long-term changes in NMDA channel expression 
may accompany epileptogenesis. Properties of NMDA 
receptor channels are altered in neurons from kindled 
rats (60). Furthermore, NMDA receptor antagonists 
are anticonvulsants in several models of epilepsy (61). 
Glutamate (62) and glycine site competitive antagonists 
(63, 64) also have anticonvulsant activity. Noncompeti-
tive channel blockers that work when the channel is open 
can also inhibit NMDA channels. These drugs include 
dizocilpine (MK-801) and phencyclidine. Although both 
of these compounds are good anticonvulsants, both have 
major side effects when used in anticonvulsant doses (65). 
Nevertheless, the possible role of glutamate/NMDA-
channel regulation is an important area for the develop-
ment of anticonvulsant compounds and those that may 
prevent epileptogenesis. Although there is a plethora of 
evidence from preclinical in vivo and in vitro models of 
epilepsy regarding the AED potential for glutamate recep-
tor blockers, use of selective NMDA agents as AEDs has 
been rather disappointing in the clinical setting. However, 
there is evidence that some of the clinically used AEDs, 
such as felbamate, can block NMDA receptor at thera-
peutic concentrations (66).

AMPA receptors are major excitatory amino acid 
receptors that play an important role in the fast depolariz-
ing actions of glutamate, contributing to the fast excitatory 
transmission in the CNS. They are thought to be essen-
tial for seizure spread and are thus attractive targets for 
development of novel AEDs. During epilepsy the AMPA 
receptors are responsible for the early component of the 
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discharges involved in spike discharges and paroxysmal 
depolarizing shifts. The later elements of these phenomena 
are primarily related to NMDA receptor activation. Qui-
noxalinediones (67) were one of the first AMPA receptor 
antagonists that were found to have anticonvulsant prop-
erty in several models of epilepsy (62, 68). Several classes 
of AMPA channel inhibitors have also been developed that 
have anticonvulsant activity. Both indirect AMPA antago-
nists and noncompetitive allosteric inhibitors of AMPA 
receptors have anticonvulsant property in several animal 
models (68). The AMPA receptor has several molecular 
subtypes that are differentially expressed in different 
neurons (69). Receptors containing the GluR2 subunit 
have a much lower permeability to calcium and show a 
component of their activation that has a linear rectifying 
current–voltage relationship. Receptors lacking the GluR2 
subunit are different and show significant calcium perme-
ability and an inwardly rectifying property (70). Evidence 
indicates that differential expression of the GluR2 subunit 
may play an important role in epileptogenesis and altered 
neuronal excitability. Thus, the ability to selectively modify 
AMPA receptors containing GluR2 subunits may play an 
important role in the development of anticonvulsant com-
pounds. Selective AMPA receptor antagonists are under 
intense investigation as potential AEDs, but no currently 
marketed AEDs act through this mechanism (11).

Kainate channels also play an important role in fast 
depolarizing actions of glutamate in the CNS. However, 
only a few drugs have been identified as primary kain-
ate antagonists, although some of the AMPA antago-
nists also inhibit kainic acid channels (71). At the present 
time it is not clear whether selective inhibition of kainate 
channels has any advantage in terms of anticonvulsant 
development over the development of AMPA channel 
inhibitors. Sodium ion–permeable kainate receptors not 
only contribute to the postsynaptic excitation, but the 
presynaptically located kainate receptors can modulate 
release of glutamate from excitatory terminals and, inter-
estingly, can also prevent release of GABA from inhibi-
tory interneurons (72). Kainate receptor antagonists have 
been demonstrated to block seizures in the in vivo and in 
vitro epilepsy models (73). In fact, among topiramate’s 
multiple actions that contribute toward its being a potent 
AED, kainate receptor blockade is a participating mech-
anism of action (74, 75). The possible role of kainate 
glutamate receptors in modulating seizure discharge and 
anticonvulsant drug development is an important frontier 
for further research.

METABOTROPIC RECEPTORS

Metabotropic receptors are glutamate- or excitatory 
amino acid–activated receptors that are not coupled to 
ion channels. These excitatory amino acid receptors are 

coupled to second messenger systems in the membrane 
that have an important role in regulating cellular metab-
olism and function (76). Metabotropic receptors are cou-
pled to G proteins and enzymes that regulate adenylate 
cyclase or guanylate cyclase. Regulating these enzymes 
by metabotropic receptor activation changes levels of 
cyclic adenosine monophosphate (cAMP) or cyclic gua-
nasine monophosphate (cGMP). Metabotropic gluta-
mate receptors are classified into eight different types 
(mGluR1–mGluR8). These mGluRs are further classi-
fied according to the second messenger systems to which 
they are linked. Class I mGluRs consist of mGluR1 and 
mGluR5, are most potently activated by quisqualate, 
and are coupled to phospholipase C (PLC) activation. 
Class II mGluRs, consisting of mGluR2 and mGlur3, are 
activated by 2R,4R-4-aminopyrrolidine-2-4-dicarboxylate
(APDC), and inhibit adenylate cyclase activity. Class III 
mGluRs (mGluR4 and mGluR6–mGluR8) are most 
potently activated by l-amino-4-phosphonobutyrate and 
inhibit adenylate cyclase activity, but to a lesser extent. 
Metabotropic glutamate receptors are found both on 
the presynaptic and postsynaptic membranes. Presyn-
aptic mGluRs decrease neurotransmitter release, while 
mGluRs on the postsynaptic membrane regulate the 
function of ligand-gated ion channels, including all 
three subtypes of ionotropic glutamate receptors, as well 
as inhibit the function of voltage-gated Ca2� channels 
(VGCCs) and some potassium channels. Thus, metabo-
tropic glutamate receptors can act to modulate synaptic 
transmission in the CNS (77). Modulating the activa-
tion or inhibition of metabotropic receptor activation 
by excitatory transmission plays an important role in 
modifying neuronal function over both short- and long-
term periods relative to seizure activity. Metabotropic 
receptors play an important role in producing sustained 
changes in neuronal excitability that may have implica-
tions in epileptogenesis and the development of seizure 
discharges. In patients with temporal lobe epilepsy (78) 
or focal cortical dysplasia patients (79), up-regulation 
of mGluR5 immunoreactivity has been described. In 
the pilocarpine-induced epilepsy model, mouse strains 
with differential susceptibility exhibit different expres-
sion of mGluR4 receptors, with up-regulation in the 
dentate gyrus of mice with attenuated seizure pheno-
type and down-regulation in mice with enhanced sei-
zure susceptibility (80). Evidence has accumulated for 
a possible role of glutamate metabotropic receptors in 
the development of epileptogenesis (81). Inhibition of 
metabotropic receptor activation during epileptogen-
esis in several models has blocked the development of 
long-term epilepsy. Competitive antagonists of group I 
mGluRs have shown efficacy against seizures induced 
experimentally in several epilepsy models. Metabotropic 
receptor inhibitors, therefore, are possible future areas 
for the development of novel AEDs (80, 82, 83).
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CARBONIC ANHYDRASE INHIBITION

Carbonic anhydrase (CA) is a major enzyme system that 
has been found to regulate GABA-mediated inhibitory 
potentials and therefore has important anticonvulsant 
or antiepileptic effects (84). GABA receptor ion channels 
are permeable to both chloride and bicarbonate ions. 
Bicarbonate ions normally move outward through the 
GABA receptor, producing a depolarizing effect that 
is normally smaller than the hyperpolarizing action of 
the inward movement of chloride ions. The movement 
of bicarbonate ions out of the neuron following entry 
of chloride ions can produce a potential depolarizing 
effect that can be mediated by the GABA-receptor chan-
nel. Inhibitors of CA play a role in blocking this effect. 
Thus, blocking the depolarization effects mediated by 
the GABA receptor through bicarbonate ion movement 
may be an important role of CA inhibitors in increasing 
the hyperpolarizing effect of the GABA receptor in the 
neuron. There may be other actions of CA inhibitors 
that go through other mechanisms, but this is another 
area of research for the development of anticonvulsant 
drugs. CA inhibitors such as sulthiame and acetazol-
amide (AZM) have previously been shown to lower neu-
ronal intracellular pH (pHi), which effectively reduced 
epileptiform activity in epilepsy model systems in vitro 
(85). Topiramate (86) is shown to produce carbonic 
anhydrase inhibition that reduces the steady-state pHi of 
cornu ammonis field 3 (CA3) neurons in slices, thereby 
inhibiting epileptiform activity.

NEUROMODULATORS

There are many classes of neuromodulators, but two 
major classes have been widely studied that have 
significant implications in regulating seizure activity: 
adenosine and the monoamines. Both adenosine and 
monoamines influence seizures and epileptogenesis in 
several models of epilepsy. Adenosine is released during 
seizure activity and acts as an endogenous anticonvulsant 
(87, 88). One form of the adenosine receptor (A1 receptor) 
is coupled to the G protein system in a similar mecha-
nism, as is the metabotropic receptor. Activation of the 
A1 adenosine receptor stabilizes the resting membrane 
potential presynaptically and blocks glutamate release but 
not GABA release (89). Several analogs of adenosine act-
ing at the A1 receptor exhibit good anticonvulsant effects 
in several models of epilepsy (90, 91). These compounds, 
however, have significant adverse cardiovascular effects, 
and their potential role as anticonvulsants needs further 
investigation. Another major type of adenosine receptor 
is the A3 receptor. Selected antagonists of the A3 recep-
tor have also been recently shown to have anticonvulsant 
activity (92).

Regulation of adenosine receptors, both chronically 
and during seizure activity, may play important roles in 
developing new anticonvulsant drugs. The major chal-
lenge in this area, however, is to develop compounds 
that do not have complicating side effects, such as car-
diovascular alterations or effects on other aspects of the 
nervous system.

Monoamines are important classes of neurotrans-
mitters that play important roles in modulating both 
excitatory and inhibitory neurotransmission. Abnor-
malities in monoaminergic transmission in several animal 
models and in human epileptic foci taken from patients 
following epilepsy surgery have indicated that there may 
a role for monoamine receptor activation in chronic epi-
lepsy. Pharmacologic manipulation of monoaminergic 
neurotransmission plays a role in the development of sev-
eral seizure syndromes, such as the reflex epilepsies (93).
Noradrenaline agonists, such as alpha2 agonists, are 
protective against seizure activity, and antagonists act 
as convulsant compounds. These effects have been well 
studied in amygdala kindling in rats and kittens (94, 95). 
Dopamine antagonists have also been shown to be pro-
tective in photosensitive epilepsy in animals and humans 
(96, 97). Monoamine oxidase B inhibitors play a role as 
anticonvulsants in several seizure models.

There is a growing body of evidence implicating the 
serotonergic system in the etiology of seizures. For example, 
depletion of brain 5-hydroxytryptamine (5-HT, serotonin) 
levels by p-chlorophenylalanine (98) and the serotonergic 
neurotoxin 5,7-dihydroxytrpytamine (99) appears to exac-
erbate seizures, indicating that experimental manipulations 
that attenuate serotonergic neurotransmission can induce 
and/or augment epileptic seizures. In contrast, experimen-
tal manipulations that enhance serotonergic function, such 
as treatment with 5-HTP (100), fluoxetine (101), or stimu-
lation of dorsal raphe nuclei (102–104) has been shown 
to inhibit seizures. Already there is conflicting evidence 
regarding the role of selective serotonin reuptake inhibi-
tors (SSRIs) in seizures (105), with fluoxetine reported to 
elevate hippocampal seizure threshold in rats (106). In 
light of these findings, the role of 5-HT receptor subtypes 
is being actively investigated in epilepsy.

Some clinicians consider vagus nerve stimulation 
(VNS) as an alternative in drug-resistant epilepsy. It is 
only in the recent past that we have begun to understand 
the mechanisms underlying VNS-mediated seizure sup-
pression. One of the best indications regarding VNS’s 
mechanisms of action has come from Krahl et al (107). 
They chemically lesioned the locus coeruleus (LC) to 
chronically deplete rats of norepinephrine or acutely 
inactivated LC with lidocaine. Under both circum-
stances, VNS-induced seizure suppression was attenu-
ated when tested in the maximal electroshock (MES) 
model. These studies indicate that the LC was neces-
sary for the VNS-mediated anticonvulsant effects. Their 
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studies also suggest that noradrenergic agonists could 
enhance VNS-induced seizure suppression. Thus, the 
possible role of monoamines in relation to monoamine 
receptors in epilepsy is another potential area for devel-
opment of future anticonvulsants.

CALCIUM REGULATION OF 
NEURONAL FUNCTION

Calcium plays a major role in modulating normal activity 
and function of the nervous system (108, 109). One of 
its most widely recognized roles is modulating synaptic 
neurotransmission. A host of studies have demonstrated 
the importance of calcium in stimulus-secretion coupling 
(110). In addition to its important effects on neurotrans-
mission, calcium plays a major role as a second messenger 
in neuronal and non-neuronal tissues.

Several lines of evidence indicate calcium’s impor-
tance in regulating neuronal excitability and producing 
anticonvulsant effects. Because of calcium’s importance 
as a second messenger, it is reasonable to assume that 
alterations in the normal function of calcium-regulated 
processes may underlie some of the abnormalities of neu-
ronal excitability seen in seizure disorders.

Accumulating evidence suggests that abnormalities 
in major calcium-regulated enzymatic processes or ion 
channels underlie alterations in neuronal excitability and 
result in seizure activity (111). The role of calcium in 
antiepileptic drug action and in regulating seizure excit-
ability has been recently reviewed (111, 112). Certain 
anticonvulsants have been shown to regulate the entry 
of calcium into cells through both voltage-regulated and 
transmitter-regulated calcium channels. In addition, anti-
convulsants inhibit important calcium-mediated enzyme 
systems that play important roles in cell function and 
neuronal excitability. These mechanisms may also be 
significant for some anticonvulsant effects.

Calcium Channels and Neuronal Excitability

The entry of calcium into a cell triggers many biochemical 
and biophysical actions (113, 114). This major second-
messenger effect of calcium has been clearly linked to the 
regulation of neuronal excitability and cell metabolism 
(109, 114, 115). Thus, controlling calcium entry into 
the cell is the first major step in regulating the effect of 
calcium as a second messenger.

Depolarization-dependent action potentials are typi-
cally mediated by large sodium currents into the cell. 
Calcium simultaneously enters the cell during depolar-
ization. Recently, the importance of this calcium entry 
during action potential generation has been more clearly 
understood. Accumulation of increased concentrations 
of calcium within a neuron is related to SRF of neurons, 

which can occur in vitro or during epileptic activity. 
Calcium entry is also regulated by specific excitatory 
amino acid receptors. This type of calcium channel is 
opened or closed in response to binding of excitatory 
amino acids (EAA) to specific calcium channel–linked 
receptors. The ability of these channels to produce tonic, 
long-lasting excitability changes in hippocampal neurons 
and in other cortical neurons has implications for long-
term potentiation, memory, and excitability.

In conceptualizing the role of calcium in neuronal 
excitability and anticonvulsant drug action, one must 
consider both voltage-regulated and excitatory amino 
acid–modulated calcium channels. The regulation of cal-
cium channels, like the regulation of the chloride chan-
nel, by the benzodiazepines, barbiturates, and convulsant 
drugs may play an important role in modifying neuronal 
excitability.

Voltage-Gated Calcium Channels

Voltage-regulated or gated calcium channels affect neuro-
nal excitability. As an action potential arrives at a nerve 
terminal, depolarization of the nerve terminal membrane 
causes entry of calcium through voltage-gated calcium 
channels with subsequent release of neurotransmitters. 
This is the classic paradigm for calcium-mediated neu-
rotransmitter release and was the initial observation that 
demonstrated the importance of calcium in neuronal 
excitability, but little was understood about the specific 
mechanisms of calcium channels in brain.

Early insight into the neuropharmacology of cal-
cium channels came from studies of smooth muscle and 
cardiac cells during the 1970s. The dihydropyridine type 
of calcium channel blocker and related molecules were 
shown to be effective in blocking calcium channels in 
peripheral tissue (112, 116, 117). These compounds were 
classified as “organic calcium channel blockers’’ and rep-
resented a major advance in pharmacology. Numerous 
analogues were developed, and specific binding sites for 
the dihydropyridines and other analogs were identified 
and characterized. This led to the first molecular char-
acterization of calcium channels and their regulation by 
specific receptor sites. A major controversy developed 
based on the observation that the organic calcium block-
ers, effective in inhibiting calcium entry into non-neuronal 
tissue, seemed to be ineffective in blocking voltage-gated 
calcium entry into neurons (118). Numerous investigators 
demonstrated that calcium entry as a result of neuronal 
activity was not significantly inhibited by therapeutic or 
relevant concentrations of the organic calcium channel 
blockers (112). Because there was at that time no clear 
evidence for more than one type of calcium channel, this 
dichotomy was not well understood and was attributed 
to unusual properties of the neuronal membrane and to 
specific differences in drug penetration into the nervous 
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system. More recent studies using benzodiazepines and 
phenothiazines (119–122) demonstrated that these com-
pounds in fact could significantly block voltage-gated 
calcium channels in neurons. These results indicated that 
calcium channels in brain were distinct from calcium 
channels in peripheral tissue.

With the development of patch and voltage clamp 
technology, more sophisticated characterization of cal-
cium channels has been possible. It is now clear that there 
are at least three, and possibly more, types of calcium 
channels in neurons (118, 123, 124). One type of voltage-
gated calcium channel is insensitive to dihydropyridines, 
while a second type of calcium channel is sensitive to these 
compounds. A third type of brain membrane calcium 
channel has also been postulated that is different from 
the first two types of channels. Although a set terminol-
ogy has not been developed for these different channels, 
initial classification by Tsien (124) is currently in use and 
describes these channels as the T-, N-, and L-type chan-
nels, respectively.

The heterogeneity of calcium channels provides 
a major insight into different mechanisms of regulat-
ing calcium excitability in the nervous system. These 
observations also explain the fact that the major voltage-
gated calcium channels in brain that were insensitive to 
dihydropyridines were a different class of channel from 
those found in peripheral tissues. In certain regions of 
the nervous system and at certain sites on the cell body, 
however, there are calcium channels that are sensitive 
to dihydropyridines and are similar to those calcium 
channels in non-neuronal tissue. The different types of 
calcium channels are distributed in characteristic pat-
terns over the surface of a neuron. Some channels may be 
localized at the synapse, while others may be present at 
a higher density at the cell body. The heterogeneity and 
individual functions of specific types of calcium chan-
nels are important areas for further investigation, such 
as the development of specific drugs to regulate each 
type of channel.

Several anticonvulsant compounds block or alter 
calcium entry through voltage-gated calcium channels. 
Ferrendelli and coworkers (125, 126) described the abil-
ity of phenytoin, phenobarbital, carbamazepine, but not 
ethosuximide, to block voltage-dependent calcium entry 
into isolated nerve terminal preparations. Subsequent 
studies have demonstrated that benzodiazepines, as well 
as phenytoin and barbiturates, can regulate calcium entry 
into isolated neurons. However, the concentrations of 
antiepileptic drugs that are required to block calcium 
entry are in the low micromolar range, concentrations 
that are approximately one order of magnitude higher 
than the therapeutic levels of these drugs achieved in spi-
nal fluid. Although these concentrations may be relevant 
to anticonvulsant actions, they are more likely related to 
toxic side effects.

Thalamic relay neurons fire in two different modes: 
burst and tonic. T-type Ca2� channels underlie the burst 
firings. When activated, T-type channels produce low-
threshold Ca2� currents that lead to the generation of a 
burst of action potentials (127). Burst firing of thalamic 
neurons have been implicated to play an important role in 
the pathogenesis of absence epilepsy (128). Ethosuximide, 
a known antiepileptic drug, is known to block T-type 
Ca2� channels in thalamic relay neurons (129). Analysis 
of knockout mouse for the alpha1G gene coding for a 
subtype of T-type Ca2� channels demonstrated absence 
of low-threshold, T-type, Ca2� currents and an inability 
to induce burst firing in the thalamic relay neurons (130, 
131). Alpha1G knockout mice were resistant to GABAB
receptor agonists; baclofen and gamma-hydrobutyrate 
(GHB) induced seizures (132). T-type Ca2� channels rep-
resent a novel pharmacologic target for development of 
drugs for the treatment of epilepsy.

Excitatory Amino Acid Receptors and 
Calcium Channels

L-glutamate was proposed as an excitatory neurotransmit-
ter over 30 years ago (133). Recently, excitatory amino 
acids (EAA) have been found to play important roles in 
epilepsy, neuronal excitability, and learning (133–135). 
The two main excitatory neurotransmitters currently 
known are glutamate and aspartate (136). Many path-
ways in the brain use these neurotransmitters, including 
hippocampal afferents and major cortical output tracts 
that are widely activated during convulsions.

Excitatory amino acids bind to specific mem-
brane receptors (58, 137). Currently, four major types 
of EAA receptors have been characterized. One major 
EAA receptor is characterized by binding of the EAA 
analog NMDA. The NMDA receptor has now been 
well studied and represents a specific type of excitatory 
amino acid receptor. Three types of non-NMDA recep-
tors that bind other analogs of excitatory amino acids 
but have different properties from the NMDA receptor 
have also been identified. The non-NMDA receptors bind 
EAAs but not NMDA. The non-NMDA receptors include 
binding sites for kainic acid, quisqualate, and 2-amino-
4-phosphonobutyrate (2-APB).

Excitatory transmission regulated by EAA receptors 
plays a major role in synaptic transmission in the CNS. 
Excitatory amino acids regulate specific ion channels 
that allow calcium and sodium to enter the cell when 
the channel is activated by the EAA receptor (58, 137). 
These specific channels are actually opened or gated by 
the EAA. The currents activated by EAA receptors are 
both rapid and long lasting. The postsynaptic localiza-
tion of these receptors, as well as their presence over the 
cell body, have been implicated in explaining how EAAs 
alter neuronal excitability, causing rapid depolarization 
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in some situations and long-lasting neuronal changes in 
other cells. Thus, this type of calcium entry is activated 
by specific EAAs and has been implicated in many neu-
romodulating effects in the brain. Important convulsants, 
such as kainic acid, alter neuronal excitability by binding 
to these receptor sites and activating calcium and sodium 
channels. Compounds that bind to EAA receptors but 
do not activate the channel can inhibit EAA effects on 
these receptors. Several of these compounds have potent 
anticonvulsant actions and are very effective in maximal 
electric shock–induced seizure models (58).

Because of their potential importance to epilepto-
genesis, EAA receptors and the calcium channels that they 
regulate have been the focus of extensive research (134, 
138). These receptor sites are responsible for mediating 
some of the effects of kainic acid in producing convulsant 
discharge in the brain. NMDA receptors have been impli-
cated in the phenomenon of long-term potentiation and 
in long-term alterations of neuronal excitability. The EAA 
analog 2-amino-7-phosphonoheptanoate (APH, AP7), is a 
potent anticonvulsant in various seizure models. These 
and other investigations provide strong evidence that 
EAA receptors and their regulation of calcium channels 
are important mechanisms in regulating neuronal excit-
ability and, potentially, in AED actions. It is anticipated 
that several new anticonvulsant compounds will be devel-
oped that act specifically through this mechanism.

Modulating the Calcium Signal in 
Controlling Neuronal Excitability

The discovery of a calcium-binding protein, calmodulin 
(CaM), was the first major breakthrough in understand-
ing the molecular mechanisms that mediate calcium sec-
ond messenger effects (139, 140). Evidence now suggests 
that many of the effects of calcium on cell function are 
mediated by calmodulin (120, 121, 141–143). Several 
important calcium-regulated processes are mediated by 
calmodulin and by a major calmodulin target enzyme sys-
tem, calmodulin kinase II (144–146). Evidence from several 
laboratories has now confirmed the original calmodulin 
hypothesis of neurotransmission and substantiated the 
role of calmodulin in mediating some of the effects of 
calcium on neuronal excitability. Antiepileptic drugs, 
including phenytoin, carbamazepine, and the benzodi-
azepines, antagonize calcium-mediated effects and inhibit 
calmodulin activation of calmodulin kinase II (113, 147). 
Concentrations required to inhibit CaM kinase II are in 
the low micromolar concentration ranges for antiepileptic 
drug effects on the protein kinase. This enzyme plays an 
important role in mediating calcium-dependent protein 
phosphorylation of membrane and soluble proteins.

CaM kinase II has been implicated by several inves-
tigators to be a major molecular mechanism mediating 
some of the second-messenger effects of calcium in the 

cell. Thus, control of this important calcium-mediated 
event by phenytoin, carbamazepine, and diazepam may 
be a major action of these drugs. The precise relationship 
of this particular effect to clinically useful anticonvulsant 
activity remains to be elucidated.

The importance of calmodulin kinase II in regulating 
neuronal excitability is widely recognized. Injection of CaM 
kinase II into invertebrate neurons regulates potassium and 
calcium currents (148). In addition, CaM kinase II levels 
in hippocampal neurons are chronically altered during the 
long-term alteration of neuronal excitability that occurs 
in kindling (149). CaM kinase II activity is inhibited by 
specific anticonvulsants (111, 121), and the subunits of 
CaM kinase II are a major protein component of the 
postsynaptic density, localizing this important enzyme 
system directly at the synapse (150, 151). Further under-
standing the role of CaM kinase II in the pathophysiol-
ogy of epilepsy and in controlling neuronal excitability 
is clearly important.

Another major molecular mechanism regulating the 
effects of calcium on neuronal excitability and cell func-
tion is the major enzyme system protein kinase C. Protein 
kinase C has been implicated in many of the effects of 
calcium on cell function and has been implicated in some 
of the effects of calcium in regulating specific ion conduc-
tances (108). Although no direct studies have been per-
formed to investigate the effects of anticonvulsant drugs 
on the C-kinase system, this too is an important area for 
investigation. Modulation of these calcium target enzyme 
systems by anticonvulsant drugs is a potential area for 
new drug development.

Calcium is a ubiquitous signaling molecule with 
significant regulatory function in neurons (152, 153). 
As a result even slightest changes in [Ca2�]i could sustain 
alterations in Ca2�-dependent enzyme systems that could 
contribute to the generation of epileptiform activity. It has 
been demonstrated that levels of protein kinase C (alpha) 
isozyme are decreased after kindling epileptogenesis 
(154), and the activity of the Ca2�/calmodulin-dependent 
phosphatase calcineurin is increased after pilocarpine-
induced status epilepticus (SE) (155, 156). Further, the 
activity of CaM kinase II is depressed in human epileptic 
tissue (157) and in various in vivo models of epilepsy 
(158–162). Epileptic neurons in culture also manifest 
some of the biochemical, electrophysiologic, and molecu-
lar changes observed in animal models. Thus, decreased 
CaM kinase II activity and its alpha subunit expression 
are observed in the low-Mg2� hippocampal neuronal 
culture model of epilepsy (163). As in epileptogenesis, 
these changes are dependent on activation of the NMDA 
receptor (162, 163). Further, mice lacking active CaM-
KII manifest epileptiform activity after subconvulsive 
stimulation (164), implicating decreased CaMKII activ-
ity in epileptogenesis. In addition, hippocampal neuro-
nal cultures, treated with antisense oligonucleotides to 
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the CaMKII alpha subunit, express decreased levels of 
CaMKII and exhibit epileptiform discharges similar to 
the low-Mg2� and glutamate injury-induced epilepto-
genesis models (165, 166).

Anticonvulsants that Inhibit Vesicular 
Neurotransmitter Release

SV2A, a synaptic vesicle protein, has recently been identi-
fied as a likely target for antiepileptic action. SV2A is a 
protein component of synaptic vesicles that is structur-
ally similar to 12-transmembrane-domain transporters. 
SV2A is not essential for synaptic transmission, but mice 
in which the protein has been deleted by gene targeting 
exhibit seizures (167). This finding led to a search for 
compounds acting on SV2A as probable anticonvulsant 
agents. Levetiracetam (Keppra®) is thought to bind with 
SV2A and disrupt synaptic release mechanisms to pro-
duce an anticonvulsant effect (168). It is also speculated 
that levetiracetam binding enhances a function of SV2A 
that inhibits abnormal bursting in epileptic circuits, a 
function whose loss in the SV2A knockout models results 
in seizures (168). It is also suggested that a reduction of 
potassium currents may contribute to the antiepileptic 
effect(s) of levetiracetam (169). Newer analogs of leve-
tiracetam, such as seleteracetam and brivaracetam, are 
currently investigated for probable anticonvulsant actions 
(170). Levetiracetam at clinically relevant concentrations 
is also reported to inhibit Na�-dependent Cl�/HCO3

_

exchange, lower neuronal pHi, and thereby contribute 
to its anticonvulsive activity (85).

Anticonvulsants that Target the 
Endocannabinoid System

Recently the endocannabinoid system—an inhibitory neu-
rotransmitter system—has generated considerable interest 
as a novel locus of anticonvulsant activity in brain (171–
174). This unique system consists of at least two cannabi-
noid receptors (CB1 and CB2), the endogenous agonists
(endocannabinoids: anandamide and 2- Arachidonyl 
Glycerol (2-AG)), and the protein machinery for their 
synthesis, transport, and degradation (175). Cannabi-
noids such as those naturally occurring in marijuana 
(Cannabis sativa) possess anticonvulsant properties (176, 
177) and have been used since antiquity for the treatment 
of seizures (178). Recently synthetic cannabinoids such 
as WIN 55,212-2 have been demonstrated to produce an 
anticonvulsant effect in a CB1 receptor–dependent man-
ner (179, 180). Emerging evidences have indicated that 
the endocannabinoid system controls seizure threshold, 
duration, and seizure frequency (171, 181).

Endocannabinoids regulate neuronal excitability 
via depolarization-induced suppression of excitation 
(DSE) (182) or inhibition (DSI) (183, 184). In response to 

Ca2�-mediated depolarization of the postsynaptic mem-
brane, endocannabinoids are synthesized “on demand” 
and then diffuse in a retrograde fashion and activate 
presynaptic CB1 receptors to inhibit neurotransmitter 
release and thus modulate neuronal excitability (185). 
Intense synaptic activity caused by seizure discharges 
stimulates 2-AG synthesis (171). Such an “on-demand” 
synthesis of endocannabinoids is thought to produce 
anticonvulsant effects, ultimately terminate seizures, 
and regulate seizure duration and frequency in the pilo-
carpine model of epilepsy. There is also evidence that 
the endocannabinoids, such as anandamide and 2-AG, 
dampen epileptiform activity in hippocampal brain slice 
preparations (186). Cannabinoids and endocannabinoids 
have also been demonstrated to block seizure spread via 
a CB1 receptor-dependent mechanism in the MES model 
of short-term seizure and the rat pilocarpine model of 
temporal lobe epilepsy (171, 179, 181). This plethora 
of evidence indicates that an active endogenous canna-
binoid tone maintains chronic activation of presynaptic 
CB1 receptors that play an important role in dampening 
persistent excitation in epilepsy and may prevent the 
transition of a single seizure into SE. In the pilocarpine 
model of acquired epilepsy, inhibiting endogenous can-
nabinoid tone using a CB1 receptor antagonist caused a 
marked increase in seizure frequency and duration and 
produced SE-like activity (171), suggesting that the endo-
cannabinoid system was playing an important role in pre-
venting the development of SE. Thus, the endocannabinoid 
system appears to be the brain’s endogenous mechanism 
that guards against persistent epileptic neuroexcitation and 
prevents the transformation of single seizure to SE.

New Frontiers in Epilepsy Treatment: 
Inhibition of Epileptogenesis

More than half of the epilepsies are described as symp-
tomatic or acquired. These types of epilepsy are acquired 
through environmental stress or injuries to the nervous 
system that result in the permanent alteration of neu-
ronal function, resulting in epilepsy (187). Conditions 
such as stroke, head trauma, metabolic disease, prolonged 
seizures, tumors, or other neurologic insults can perma-
nently alter the brain and trigger mechanisms of neuro-
nal plasticity that eventually result in the development 
of epilepsy (188). Because of the diversity of causes of 
epilepsy, epilepsy is not considered a disease but rather a 
condition. In addition to the acquired causes as described 
previously, other idiopathic forms of epilepsy may have 
a genetic basis (187).

The process of epileptogenesis means the develop-
ment of spontaneous recurrent seizures in a previously 
normal brain (188). Symptomatic epilepsy, representing 
a significant number of patients that develop epilepsy, 
occurs through the process of epileptogenesis. This is an 
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important area to consider for anticonvulsant drug devel-
opment. Compounds that prevent the development of epi-
leptogenesis may have important clinical ramifications. 
If specific antiepileptogenic drugs can be administered 
following a brain injury, symptomatic epilepsy may be 
prevented. Although these compounds may not be true 
anticonvulsant drugs, they would be the ultimate AEDs 
by preventing the development of epilepsy. This is a new 
and important area for future research.

Molecular genetics has set the stage for major 
advances in studying neurologic diseases, and initial 
advances have been made in understanding specific 
mutations that are associated with epilepsy and other 
neurologic conditions (189). In addition to specific 
mutations, permanent alterations in brain function and 

diminished expression are associated with epileptogen-
esis. In symptomatic epilepsy, normal brain tissue is per-
manently altered and develops spontaneous recurrent 
seizures. These changes entail long-lasting changes in 
gene expression at both transcriptional and posttran-
scriptional levels in association with the induction of 
epileptogenesis.

Understanding the effects of severe environmental 
stresses on the multiple sites of transcriptional and 
posttranscriptional regulation of gene expression is 
likely to provide important insights into how altered 
neuronal function develops and point to novel strate-
gies that will prevent epileptogenesis. This important 
area for future research represents a frontier in the 
development of AEDs.
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Channel Mutations 
in Epilepsy:
A Neurodevelopmental 
Perspective

earches for genes mutated in several 
hereditary forms of epilepsy affecting 
infants and children have resulted in 
the identification of epileptic chan-

nelopathies: that is, epilepsies resulting from mutations 
in ion channel genes. This is a rapidly evolving field, and 
reviews of recent progress appear frequently in journals. 
This chapter attempts to take a broader view and pro-
vide background that may serve as an introduction to this 
ongoing literature for interested pediatricians and pediatric 
neurologists. In particular, I attempt to make explicit key 
background, assumptions, and hypotheses underlying this 
relatively new field and explore (even at the risk of specula-
tion) some of its current directions and promise.

WHY HAVE INVESTIGATORS PURSUED A 
GENETIC STRATEGY FOCUSED ON RARE 

MENDELIAN FORMS OF EPILEPSY?

Only a small minority of seizure patients encountered 
in the clinic have family histories of epilepsy. Why, then, 
focus on the even smaller group of patients in which 
pedigree analysis suggests inheritance of epilepsy result-
ing from effects of mutation in single genes? Investigators 
have chosen this approach partly out of recognition of 
the difficult nature of the problem. Seizures and epilepsy 
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are complex phenomena. Seizures emerge suddenly from 
the brain’s interictal activity, often producing elaborate 
ictal behaviors and myriad consequences for develop-
ment. During a seizure, normal neuronal firing patterns 
are replaced by synchronized rhythms that are excessively 
prominent and widespread. We know that the capacity 
to seize is latent in normal brain—convulsions can be 
provoked in any child or adult as a symptom of metabolic 
disturbances (e.g., hypoglycemia, hypocalcemia, uremia) 
or acute injury. What is different about the brains of 
people with epilepsy, who have seizures without such 
provocations? Furthermore, why do most syndromic 
forms of epilepsy exhibit distinctive developmental pro-
files, affecting individuals at particular periods of their 
lives? These are tough questions.

Genetics is an approach to these questions that 
has unique advantages. Genetic research can lead to 
the identification of a responsible gene (or genes), even 
when no other biologic information about the cause 
of a disorder is available. So a successful genetic study 
offers the potential to “think outside the box” by iden-
tifying mechanisms previously completely unknown or 
unsuspected of being involved with a particular disease 
process (e.g., the nicotinic receptor, KCNQ channel and 
Lgi1 proteins, discussed subsequently). Genetics is rela-
tively unbiased by preconceptions born from prevailing 
models and currently available technical approaches. Such 
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an approach is extremely valuable for scientists confronting 
a process as complex, heterogeneous, and poorly under-
stood as epilepsy. Furthermore, even when the genetic form 
of a particular disorder is rare, there is a strong possibility 
that the mechanism revealed may be involved in pathogen-
esis of more common forms of the disease.

Because of these potential advantages, over the last 
two decades efforts have been made to identify families in 
which epilepsy has occurred in patterns suggesting Men-
delian inheritance—that is, in patterns suggesting that the 
epileptic trait resulted from mutations in a single gene. 
In the last dozen years, with a burst of success aided by 
tools derived from the Human Genome Project, hundreds 
of such mutations have now been discovered (Table 3-1). 
Remarkably, nearly all of the mutations causing idio-
pathic epilepsy discovered so far lie in genes encoding ion 
channels, and the exceptions are primarily in genes for 
proteins that interact directly with channels and regulate 
their activity. Some types of hereditary epilepsy associated 
with other features, such as episodic or progressive motor 

dysfunction and cognitive impairment (i.e., symptomatic 
or cryptogenic in traditional classification schemes), have 
also been found to be due to channel mutations. The pri-
mary and direct role of ion channels in the pathogenesis 
of Mendelian forms of idiopathic epilepsy has rapidly 
gone from hypothesis to irrevocable fact.

The forging of this sturdy conceptual link between 
epilepsy and channel genes has occurred coincidentally 
with a period of revolutionary progress in our understand-
ing of channels themselves, coming from basic neurosci-
ence. Very recently, investigators have begun to systemati-
cally explore the functions played by the newly identified 
“epilepsy genes.” They have used neurobiologic techniques 
to analyze with the requisite detail how mutations in par-
ticular channels alter the excitability of individual neu-
rons and neural networks, ultimately resulting in epilepsy. 
These studies of the epileptic channelopathies are revealing 
important and previously unknown mechanisms control-
ling brain excitability at particular stages of development 
that represent novel targets for therapeutic drugs.

TABLE 3.1
Epileptic Channelopathies with Onset in Infancy, Childhood, or Adolescence (Identified as of January 2007)

SYNDROME GENE(S) PROTEIN CHANNEL TYPE

Benign familial neonatal  KCNQ2 Kv7.2 M-channel; axonal Ks channel; 
 seizures (BFNS) (KCNQ3)1 Kv7.3  voltage-gated K� channel
Benign familial neonatal-infantile  SCN2A Nav1.2 Axonal voltage-gated Na� channel
 seizures (BFNIS) (KCNQ2)
Generalized epilepsy with  SCN1A Nav1.1 Interneuron voltage-gated Na� channel (?);2
 febrile seizures plus (GEFS�) (SCN1B) Nav beta1  voltage-gated Na� channel accessory 
    subunit
 (GABRG2) GABAA gamma2  Ligand-gated (GABA) Cl� channel subunit
 (GABRD)  and delta
   subunits
Severe myoclonic epilepsy of  SCN1A Nav1.1 Interneuron voltage-gated Na� channel (?)
 infancy (SMEI)
Cortical dysplasia-focal epilepsy  CNTNAP2 Caspr2 Axonal K� channel interaction protein
 syndrome (CDFE)
Generalized epilepsy with  KCNMA1 BK subunit Large conductance Ca-dependent K� channel
 paroxysmal dyskinesia (GEPD)
Childhood absence epilepsy (CAE) GABRG2 2 GABAA gamma Ligand-gated (GABA) Cl� channel subunit
   subunit
 CLCN2 CLC-2 Voltage-gated Cl- channel
Autosomal dominant nocturnal  CHRNA4 �4, �2, and �2  Neuronal nicotinic acetylcholine receptor
 frontal lobe epilepsy (ADNFLE) (CHRNA2)  subunits of  subunits (?inhibitory presynaptic terminals)
 (CHRNB2)  acetyl-choline
   receptors
Autosomal partial epilepsy with  LGI1 Lgi1 K� channel interaction protein (?); glutamate 
 auditory features (ADPEAF)     receptor interaction protein (?)
Autosomal dominant juvenile  GABRA1 �2 GABAA subunit Ligand-gated (GABA) Cl� channel subunit
 myoclonic epilepsy (ADJME)

1Where one gene accounts for most mutations in a disorder, rarely mutated genes are shown enclosed in parentheses.
2Where uncertainty exists as to channel function, (?) is shown.
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ION CHANNEL FUNCTION, STRUCTURE, 
DISTRIBUTION, AND DIVERSITY

What are ion channels? Ion channels are membrane pro-
teins, tiny molecular machines about 10 nanometers in 
size, that allow ions to enter or leave the cell interior at 
very high rates—usually 106 to 107 ions per second per 
channel (1). These ion fluxes through individual chan-
nels cause transient, local changes in neuronal membrane 
potentials that represent the smallest units of brain elec-
trical signaling. All neurons possess different classes of 
channels that are selectively permeable to the cations 
sodium (Na�), potassium (K�), and calcium (Ca2�) or 
the anion chloride (Cl�). Because of the activity of pumps 
and co-transporters, Na�, Ca2�, and Cl� are usually more 
concentrated extracellularly and K� more concentrated 
intracellularly. To maintain these concentration differ-
ences, the pumps consume energy in the form of ade-
nosine triphosphate (ATP). As a result, when channels 
permeable to Na� or Ca2� open, these ions enter the 
cell, depolarizing the membrane potential. When chan-
nels selective for K� or Cl� open, the membrane is made 
more hyperpolarized as K� leaves or Cl� enters the cell 
interior. So, at the simplest level, Na� or Ca2� channel 
activity leads to increased excitation, whereas K� or Cl�
channel activity reduces excitation.

Although the function of an individual channel 
type may appear quite simple, groups of such channels 
can readily underlie complex, dynamic changes in the 
membrane potential, producing oscillations and rhythmic 
activity in neurons and neuronal networks. Grouping 
together even two channels capable of causing oppos-
ing changes in the membrane potential in a neuronal 
membrane creates a mechanism for generating membrane 
potential oscillations. The propagated action potential, 
mediated by sequential opening of voltage-gated Na�

channels (depolarizing phase) and K� channels (repolar-
izing and/or hyperpolarizing phase) grouped along nerve 
axons, is the best-studied example of such signaling.

We now know, however, that other channel group-
ings occur everywhere in nervous tissue. Particular 
channel types are deployed at specific locations, for 
specialized purposes. Indeed, humans possess several 
hundred genes encoding ion channel types that differ in 
key functional properties such as opening and closing 
rates (kinetics), the types of ions passed (ion selectivity), 
and the signals that bring about channel opening and 
closing (gating and modulation) (2). This allows different 
neurons to express distinct subsets of ion channels and 
for different channel types expressed by a neuron to be 
localized at specific sites in the cell membrane with great 
precision. For example, some channels are expressed at 
synapses. Some channels are specifically expressed on 
dendrites, but others are found at particular locations 
along axons or at presynaptic terminals. Some channels 

are preferentially expressed on inhibitory or excitatory 
neurons within a brain region, or on glia. Along with cell 
shape, cell-specific differences in ion channel expression 
contribute to each cell’s particular electrical “personality,” 
enabling neurons to perform distinctive functions in 
local networks, and underlying the differences between 
the network properties of different brain regions. It is 
important to note that the expression levels of many ion 
channels are not static during development; instead, ion 
channel genes exhibit distinctive developmental profiles. 
One goal of current research is to improve the current 
fragmentary understanding of how the roles played by 
different ion channels change in parallel with the achieve-
ment of motor, sensory and cognitive development mile-
stones during infancy and childhood.

So, when we learn that an ion channel mutation 
causes seizures, this leads to functional questions at sev-
eral levels. At the level of the channel molecule, we seek 
to learn how the mutation alters intrinsic channel proper-
ties such as kinetics, selectivity, gating, and modulation. 
At the cellular level, we want to know how the muta-
tion affects channel abundance and distribution. At the 
local network level, we need to know how the mutation 
alters the rhythmic properties and synchronization of fir-
ing occurring in networks of neurons in particular brain 
regions, since it is at this level that the seizure phenotype 
is manifest. Finally, we seek understanding of how the 
channel’s roles change during development, seeking clues 
from the age of onset and natural history of the clinical 
syndrome.

Ion Channel Structure

Many channel mutations exert their effects by disrupting 
the normal structure of the encoded channel proteins. 
Here we introduce some key common aspects of channel 
structure/function relationships most relevant to the epi-
leptic channelopathies; more detailed reviews are avail-
able elsewhere (3–6).

Cellular membranes are bilayers with polar sur-
faces facing the aqueous cytoplasmic and extracellular 
spaces and a �50-angstrom-thick hydrophobic core 
(Figure 3-1A). Although seemingly thin and fluid, the
oily core of biologic membranes represents a formidable 
barrier for ions, which are even tinier (�1 angstrom) and 
highly charged. Furthermore, ions in solution attract an 
admiring “entourage”—a surrounding shell of water 
molecules that are also repulsed by the hydrophobic core 
of the membrane. Thus, transport across the membrane
requires each ion to be sequentially bound by the 
channel, dehydrated (stripped of surrounding water 
molecules), carried across the inhospitable membrane 
core, rehydrated, and released. These steps must all hap-
pen very quickly. It takes the electrical charge from about 
10,000 ions to depolarize a 1 µm2 patch of  membrane by 
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FIGURE 3-1

Structure and gating mechanism of representative ion channels. (A) Cartoon showing a cross-sectional view through the center 
of a model ion channel. The channel has hydrophobic surfaces facing the membrane lipid core (gray area) and hydrophilic sur-
faces with charged residues (indicated by �’s and –’s) facing the internal and external solution and lining the centrally located 
transmembrane ion path. At the narrowest part of the pore, permeant ions bind preferentially to the “ion selective filter.” The
channel depicted is selectively permeable to Na� ions, which are shown moving through the channel from the extracellular 
solution to the cytoplasm. (B) Transmembrane topology, functional subdomains, and molecular movements of a voltage-gated 
K� channel subunit. The subunit polypeptide has intracellular amino and carboxy terminal domains, and six segments 
(S1 through S6) that traverse the membrane. S1–S4 form the voltage sensor domain. S5–S6, and the loop that connects them 
and is folded partly into the membrane, form the pore domain. The S4 domain possesses positively charged residues (indicated by
�’s), and as a result, undergoes molecular movements in response to changes in the transmembrane electrical potential, moving 
outward when the membrane is depolarized (indicated by pointers). Outward movement of the S4 domain pulls the pore at the 
cytoplasmic end of S5–S6, allowing ion flow (right panel). (C) Cartoon showing K� channel subunits arranged around the central 
pore of an assembled channel—the fourth (front) subunit has been removed to reveal the ion path. Positions of transmembrane 
segments are indicated as in part B (gray, S5 and S6; dark gray, S1 to S4).
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100 mV (the height of a typical action potential). For this 
to occur within a millisecond, ions must enter this small 
area of the membrane at a rate approaching 10 million 
per second. Ion channel routinely achieve this amazing 
feat, but how?

Ion channel polypeptide chains traverse the mem-
brane several times and assemble into proteins shaped 
like doughnuts embedded at their midsection in the mem-
brane (Figure 3-1). The surfaces of the channel that face 
the extracellular and intracellular aqueous solution are 
hydrophilic and may contain charged residues and sugars 
that attract ions, whereas the circumferential band touch-
ing the oily membrane core is made up of hydrophobic 
amino acids. Ions traverse the membrane through a cen-
trally located pore (the doughnut’s hole). The channel 
pore is water filled except for a narrow segment known 
as the selectivity filter. The selectivity filter possesses a 
row of sites where individual ions are briefly bound and 
released. The selectivity filter is equally accessible to ions 
from the intracellular and extracellular sides of the mem-
brane. The net direction of flow is influenced by the fact 
that randomly moving ions are more likely to access the 
filter from the side where they are more highly concen-
trated, and less likely to return once released from the side 
where they are more dilute. In addition, once ions enter 
the channel pore, they come under the influence of the 
electrical potential difference between the two sides of the 
membrane—Na�, Ca2�, and K� are attracted towards 
the negative side of the membrane, and Cl– towards the 
positive side. The balance between these concentration- 
and voltage-driven forces determines the direction of net 
ion flow.

In addition to the pore-forming parts themselves, 
all ion channels have additional components that control 
the opening and closing of the ion pathway. Regulatory 
domains include voltage sensors embedded in the mem-
brane (Figure 3-1B). Alternatively, some channels have 
parts that bind and respond to intracellular second mes-
sengers and metabolites (e.g., Ca2�, ATP, cyclic adenosine 
monophosphate [cAMP], or polyamines), and extracel-
lular sites for binding neurotransmitters. The best under-
stood regulatory mechanism is that of voltage-gating 
mechanisms common to Na�, K�, and Ca2� channels, 
which has been revealed through detailed studies combin-
ing electrophysiology and X-ray crystallography. A clus-
ter of positive charges on one transmembrane segment 
(S4) cause it to move inward or outward, depending on 
which side of the membrane is more negatively charged 
(Figure 3-1B). In the closed state (inside-negative mem-
brane potential), the S4 is pulled inward, forcing the pore-
lining part of the channel into an angled position, so that 
the inner mouth of the pore is too small for ions to pass 
(Figure 3-1B, left). When the membrane is depolarized, 
the voltage sensor moves towards the extracellular space, 
pulling the pore-lining residues away from the center axis 

of the pore and opening the inner pore mouth sufficiently 
to allow ions to flow (Figure 3-1A, C).

Ion Channel Diversity and Nomenclature

Successive waves of technical advance over the last 
20 years have left a wake of very confusing nomencla-
ture for ion channel currents, proteins, and genes. First, 
electrophysiologic methods of improved sensitivity have 
allowed previously overlooked subtypes in the channel 
currents to be recorded from neuronal membranes. This 
led to a new nomenclature subclassifying various voltage- 
and and ligand-gated channel types based on their kinet-
ics, pharmacology, and other functional properties. Next, 
the advent of methods for isolating messenger RNAs from 
neural cells led to the identification of a large number of 
complementary DNAs (cDNAs) encoding channel sub-
units. Finally, the sequencing of the genomes of humans 
and various model organisms led to the identification of 
many additional channel genes. The process of correlat-
ing the channels actually expressed in neurons with spe-
cific genes and proteins is slow and painstaking, in part 
because most native channels are heteromeric—that is, 
formed by the coassembly of the protein products of two 
or more different gene. Only rarely do channels appear 
to be homomeric—that is, formed by multiple copies 
of the same subunit type. As a result, the exact subunit 
composition of most of the channels expressed in most 
brain neurons is not yet known—particularly in humans. 
The changes in channel composition and expression that 
occur during normal human development and in disease 
states are even less understood; with a few exceptions, 
such developmental changes have not yet been studied.

Although much remains to be learned about the 
function of particular channel genes, genomics has 
revealed how ion channel diversity has been generated 
and, by implication, why. All human channels are derived 
from a very small number of ancestral genes, already 
present in the genomes of ancestral prokaryotes over 
a billion years ago (1, 2, 7). Just as genes are subject to 
random mutations, it is now known that all genes are 
subject to random duplication, albeit very rarely, as the 
result of errors occurring during DNA replication; indeed 
the rate of such gene duplications is estimated to be one 
per hundred million years (8, 9). Each gene duplication 
event creates a “surplus” gene that is relatively free to 
evolve new functional properties, since the original gene 
is still present and performing any essential functions. 
In the vast majority of cases, a duplicate gene does not 
evolve a novel useful function but instead accumulates 
inactivating mutations over time and, eventually, disap-
pears from the genome. Rarely, the duplicate gene evolves 
a new function that provides a survival advantage to the 
organism—in such cases, both duplicate genes become 
“fixed” in the genome. The related genes produced by 
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duplication (called “paralogs”) can then themselves be 
subsequently duplicated. The human ion channel fami-
lies are incredibly large—for example, one such family 
consists of 80 K� channels, 10 voltage-gated Na� chan-
nels, 11 voltage-gated Ca2� channels, and an additional 
42 cation channels of various classes, all derived from 
the same ancestral K� channel (2)! The two other major 
families of channel genes, encoding voltage-gated Cl�

channels and the ligand-gated channels, were produced 
by the same process of duplication and subsequent func-
tional divergence (10–12). Because a duplicated neuronal 
channel gene must provide a survival advantage to first 
establish itself in its species of origin and remain sta-
bly present over the course of evolutionary time, gene 
survival alone is an indication that a duplicate gene 
has acquired a needed, novel role. That role may be 
restricted—for example, to particular neuronal cell types, 
or to a particular stage of development. Many of these 
roles remain poorly understood. Indeed, analysis of the 
phenotypes produced by disease-causing mutations in 
individual channel genes is an important source for clues 
regarding these unknown functions.

EPILEPTIC CHANNELOPATHY SYNDROMES

A first expectation, based on earlier studies of channel 
defects in hyperexcitability disorders of skeletal muscle 
(e.g., myotonia) and heart (long QT syndrome), would 
be that channel mutations leading to epilepsy would be 
associated with increases in Na� or Ca2� channel activity 
(since such activity leads to membrane depolarization) 
or with reductions in K� or Cl� channel activity (since 
these currents prevent membrane depolarization) (13, 14). 
As will be discussed subsequently, we have learned that 
this expectation is often, but not always, fulfilled. To 
facilitate further reading, we have provided the listing 
for each disorder in the National Library of Medicine’s 
Online Mendelian Inheritance in Man (OMIM) data-
base (http://www.ncbi.nlm.nih.gov/omim/), which is fre-
quently updated.

Channel Mutations in Epilepsies with 
Onset in Neonates and Infants

Benign Familial Neonatal Seizures (BFNS; OMIM 
121200). Benign familial neonatal seizures (BFNS, 
also termed benign familial neonatal convulsions) is a 
syndrome characterized by recurrent, brief generalized or 
partial seizures that begin on about the fourth day of life 
and remit after 1–3 months (15). In the classic syndrome, 
first described by Rett and Teubel (15), infants other-
wise grow and develop normally, without subsequent 
epilepsy, although affected persons carry a 10–16% risk 

of experiencing one or more seizures again later in life 
(16, 17). In 1989, Leppert et al. linked the disease gene to
chromosome 20 (18). Later, investigators identified addi-
tional families linked to chromosome 8, a first example 
of genetic heterogeneity in epilepsy (19, 20).

The two BFNS genes on chromosome 20 and 8 
encode highly homologous potassium channel subunits, 
KCNQ2 and KCNQ3 (21–23). These neuronal chan-
nel subunits are relatives of a cardiac channel, KCNQ1, 
which previously was shown to be mutated in both domi-
nantly and recessively inherited forms of the long QT 
syndrome (24, 25). Four KCNQ1 subunits combine to 
form the channels in the heart. In neurons, some chan-
nels are KCNQ2 tetramers, but many are composed of a 
combination of KCNQ2 and KCNQ3 subunits (26–31). 
Some disease-causing missense mutations in KCNQ2 
and KCNQ3 are associated with only modest reduc-
tions (20–30%) in current magnitude (32). This may 
imply the critical dependence of neuronal excitability on 
the absolute magnitude of KCNQ2/KCNQ3 potassium 
channel activity, especially during the neonatal period. 
KCNQ channels underlie an extensively studied potas-
sium channel, found in central and autonomic neurons, 
known as the M-channel (26). The name “M-channel” 
comes from the fact that these channels are important 
effectors for acetylcholine acting via muscarinic receptors. 
Indeed, many neurotransmitters that activate intracellular 
G proteins increase neuronal excitability by reducing the 
openings of KCNQ channels (33). These channels open 
occasionally at the resting membrane potential and are 
slowly activated by membranedepolarization. Because of 
their slow kinetics, M-channel activation causes a period 
of membrane hyperpolarization after a cell receives excit-
atory input. As a result, neurons expressing M-channels
tend to fire one action potential after receiving excitatory 
input, then become transiently quiescent. Inhibition of the 
M-channel by neurotransmitter receptors causes these 
neurons to become slightly depolarized and to fire mul-
tiple action potentials rhythmically after receiving excit-
atory inputs. Thus, M-channels may serve as a general 
brake on excess neuronal excitation, a brake that can 
be selectively removed when the cell receives input from 
neurotransmitters such as acetylcholine.

KCNQ2 subunits are widely expressed in circuits 
implicated in generation of epileptic seizures (30, 34, 35). 
Interestingly, one conspicuous localization of KCNQ2 
expression is in inhibitory neurons important for syn-
chronization of the firing of excitatory neurons, including 
the reticular thalamic neurons and several populations of 
interneurons in the hippocampus and cortex (34). A sec-
ond important localization of KCNQ2 and KCNQ3 is at 
spike initiation zones at the beginning of axons, including 
those of pyramidal cells in the hippocampus and neocor-
tex (30, 36). This localization may allow them to power-
fully control the neuronal threshold, since each neuronal



3 • CHANNEL MUTATIONS IN EPILEPSY: A NEURODEVELOPMENTAL PERSPECTIVE 53

action potential originates in the proximal axon (37). In 
transfection experiments, some BFNS mutations strongly 
disrupt proper traffic at the axonal initial segment; if this 
disruption occurs in vivo, it could be the main contribut-
ing factor in the BFNS phenotype (38).

Recent studies have identified patients in BFNS pedi-
grees with KCNQ2 mutations and more severe epilepsy, 
impaired cognition (39–42) and myokymia (43, 44). 
KCNQ2 and KCNQ3 have been found at nodes of 
Ranvier of peripheral nerves and at the axonal initial seg-
ments of spinal motor neurons, and loss of their activity 
likely causes the aberrant impulse initiation in the nerve 
that is manifest as myokymia (30, 31, 36). It is not clear 
whether environmental or genetic factors underlie the 
more severe cognitive, motor, and epileptic phenotypes 
seen in some BFNS patients.

Retigabine is a novel anticonvulsant, initially iden-
tified in the National Institute of Neurological Disease 
and Stroke (NINDS) antiepileptic (AED) drug screening 
program, that is effective in preventing seizures induced by 
electrical shock or by a broad range of chemical convul-
sants (pentylenetetrazole, N-methyl-D-aspartate [NMDA], 
4-aminopyridine, and picrotoxin, but not bicuculline or 
strychnine) (45). BMS-204352 is another drug initially 
developed as a potential therapy for acute stroke (46). 
Remarkably, recent studies have revealed that both these 
agents are potent activators of neuronal KCNQ channels 
(47–50). The discover of retigabine’s novel mode of action 
has contributed to new interest in its potential clinical 
usefulness, and it is currently undergoing stage III trials for 
adult partial epilepsy (50). Although these agents have not 
yet been shown to be of clinical usefulness, it is clear that 
the cloning of the KCNQ channels has revealed an impor-
tant potential new target for drug screening studies.

Benign Familial Neonatal-infantile Seizures (BFNIS; 
OMIM 607745). Kaplan and Lacey (51) and Shevell 
et al. (52) first described families in which nonfebrile sei-
zures, like those seen in BFNS but with a somewhat later 
onset ranging from the first week of life to 3.5 months, 
were inherited in an autosomal dominant pattern. This 
delayed onset led to the suspicion of a distinctive etiology, 
which was affirmed when the two BFNS loci on chromo-
somes 8 and 20 were excluded by genetic linkage analy-
sis, and another location on chromosome 2, harboring a 
cluster of genes encoding several Na� channel proteins, 
was implicated (53–55). Screening of the chromosome 2 
genes in BFNIS patients revealed mutations in SCN2A, 
encoding the Na� channel subunit, Nav1.2.

Cell biologic studies using rodents indicate that 
Nav1.2 channels play an important, transient role on 
neuronal axons in the developing brain and peripheral 
nerve (56). In rats and mice, Nav1.2 is at birth the pre-
dominant sodium channel at the spike initiation zone in 
the proximal axon (i.e., the axonal initial segment), but it 

is largely replaced at this location during the second and 
third postnatal week. A similar Nav1.2 to Nav1.6 switch 
occurs at the nodes of Ranvier of many newly myelinating 
fibers. Based on studies of other proteins, it seems likely 
that similar subunit switches occur in humans, but over a 
slower time period of several months (57). The observa-
tion that the channels mutated in BFNS and BFNIS are 
expressed in similar axonal locations during early devel-
opment is certainly intriguing—but available data do not 
yet explain why KCNQ2/3 mutations would produce an 
earlier onset than SCN2A mutations.

Generalized Epilepsy with Febrile Seizures Plus (GEFS�;
OMIM 604233), Severe Myoclonic Epilepsy of Infancy 
(SMEI; OMIM 607208), Intractable Childhood Epilepsy 
with Generalized Tonic-clonic Seizures (ICEGTCS;OMIM 
607208). Febrile seizures occur in 3–5% of all chil-
dren. When febrile seizures occur in isolation, between 
age 3 months and 5 years, in children who are otherwise 
developing normally, the risk of later epilepsy is low 
(see Chapter 19). For a minority of cases, however, febrile 
seizures herald epilepsy of a variety of forms and degrees 
of severity.

In a seminal clinical study, Scheffer and Berkovic (58) 
described a exceptionally large multigenerational family 
in which typical febrile seizures of infancy and early child-
hood were common, but a variety of nonfebrile seizure 
types also occurred. This spectrum of other seizure types 
represented in the pedigree included nonfebrile convul-
sions, absences, myoclonic seizures, atonic seizures, and 
severe myoclonic-astatic epilepsy with developmental 
delay. Scheffer and Berkovic argued that this heteroge-
neity represented variable phenotypes associated with 
the dominantly inherited trait and introduced the term 
“generalized epilepsy with febrile seizures plus” (GEFS�)
to describe the new seizure syndrome. They further noted 
that such phenotypic heterogeneity would make this syn-
drome difficult to detect in smaller families, obscuring its 
frequency in the clinic. They concluded that molecular 
studies of large pedigrees such as the one they had ana-
lyzed might reveal the underlying genetic mechanism(s). 
Follow-up studies by the authors and others have con-
firmed all these predictions.

Mutations in four channel genes have thus far been 
identified in patients with GEFS�. By far the largest num-
bers of them are in SCN1A, a close relative of SCN2A, 
also encoding a voltage-gated Na� channel pore-forming 
subunit. In addition, a few mutations have been found 
in SCN2A, SCN1B (encoding Nav �1, a voltage-gated 
Na� channel single-transmembrane accessory subunit) 
and GABRG2 and GABRD (encoding gamma-aminobu-
tyric acid [GABA] receptor subunits).

The single mutation identified in Nav beta1, C121W, 
has been described in two Anglo-Australian pedigrees 
(59, 60). C121 is located in the extracellular domain of 
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Nav beta1, where it forms a disulfide bridge that plays 
a critical role in the proper assembly of the extracellular 
domain into an immunoglobulin-like folding pattern (61). 
Nav beta1 subunits have multiple roles, enhancing surface 
expression of the pore-forming alpha subunits, participat-
ing in protein-protein interactions within the extracellular 
space that are important for channel clustering at key 
sites such as the nodes of Ranvier, and enhancing rates 
of channel inactivation (62). Careful biochemical and 
electrophysiologic studies using coexpression with neu-
ronal alpha subunits in mammalian cells have revealed 
two rather subtle effects of C121W (63). The mutation 
prevents protein-protein interactions mediated by the 
extracellular domain of Nav beta1 and shifts inactiva-
tion to hyperpolarized potentials, thereby increasing the 
number of channels available for opening.

The discovery of a second GEFS� locus on chromo-
some 2q (64, 65), a region that harbors a cluster of three 
genes encoding sodium channel alpha subunits, led to a 
search for mutations within these genes in GEFS� pedi-
grees. Sequencing of patient DNA revealed many different 
mutations in SCN1A and a single mutation in SCN2A, 
all resulting in single amino acid substitutions (missense 
mutations) in the resulting alpha subunit polypeptides 
(66–70). Interestingly, these studies have revealed a high 
frequency of partial seizures in members of some pedi-
grees that otherwise fit the original GEFS� profile (60, 
69, 70). The electrophysiologic properties of many of the 
mutant alpha subunits have now been studied fairly inten-
sively in heterologous cells. A subset of the mutations 
show defective inactivation mechanisms, as observed first 
in studies of the C121W mutation in beta1 discussed in 
the preceding paragraph. For example, Lossin et al. found 
three mutations that exhibited a persistent current during 
prolonged depolarizations due to an apparent failure of 
inactivation gating (71). However, other mutations seem 
to show reduced current amplitudes or changes in gat-
ing that are predicted to reduce current flow, without a 
defect in inactivation (72, 73). Thus, only some GEFS�
mutations appear to be associated with enhanced chan-
nel activity similar to the mutations in heart and skeletal 
muscle Na� channels that cause disorders of hyperex-
citability and excessive synchrony (myotonia, long QT 
syndrome) in those tissues (74, 75).

This issue has been further complicated by genetic 
and clinical evidence that an additional epilepsy syndrome, 
severe myoclonic epilepsy of infancy (SMEI), represents a 
severe form of the GEFS� spectrum (76–78). SMEI, first 
described by Dravet in 1978, is a progressive syndrome of 
refractory seizures and cognitive decline. After a normal 
early infancy, patients present with prolonged general-
ized or unilateral febrile seizures at 5–12 months of age. 
Other seizure types, including myoclonic, absence, par-
tial, and atonic seizures, begin between 1 and 4 years of 
age. Psychomotor slowing becomes apparent during the 

second year of life, and the patient may also experience 
obtunded states associated with myoclonus and develop 
ataxia, pyramidal dysfunction, and refractory general-
ized tonic-clonic and partial seizures. Intellectual outcome 
is generally poor. Although a family history of epilepsy 
had been previously recognized as common in SMEI, the 
nature of the seizure disorder in family members had not 
been systematically explored until recently. Singh et al. 
(76) described 12 SMEI pedigrees within which other 
family members exhibited forms of epilepsy consistent 
with the GEFS� spectrum. Subsequent screening of addi-
tional SMEI patients for mutations in SCN1A has identi-
fied more than 100 additional mutations. The majority 
of SMEI mutations are de novo frame-shift, nonsense, or 
splice-donor mutations predicted to result in markedly 
aberrant, truncated forms of the channel protein. In con-
trast to the modest changes in gating seen with GEFS�
mutations that cause single amino acid changes, the SMEI 
truncations would be expected to produce proteins inca-
pable of conducting ions. Most recently, an additional 
clinical syndrome, intractable childhood epilepsy with 
generalized tonic-clonic seizures (ICEGTCS), which is 
quite similar to SMEI except that patients do not show 
myoclonic seizures, has also been shown to result from 
mutations in SCN1A (79).

These clinical and genetic observations are perplexing 
and lead to many questions concerning genotype-phenotype 
relations in the GEFS�/SMEI patients. How could gain-of-
function mutations (i.e., the impaired inactivation seen in 
some GEFS� patients) cause a mild syndrome, if loss-of-
function mutations cause a severe phenotype (in SMEI 
and ICEGTCS). Cell biologic studies are beginning to 
shed light on this. In early studies, SCN1A was described 
as widely expressed by excitatory and inhibitory neurons, 
with Nav1.1 proteins observed on neuronal somata and 
proximal dendrites (80). Very recent experiments are 
revising this view, however. In hippocampus, both the 
protein and mRNA are reportedly much more expressed 
in inhibitory neurons than in excitatory pyramidal cells, 
leading to the suggestion that the severe phenotype of 
null mutations reflects a simple loss of inhibition (81). 
Furthermore, careful immunohistochemical studies have 
revealed Nav1.1 channels clustered in the initial segments 
of some cortical interneurons (82).

In short, the localization and relative importance of 
various subpopulations of Na� channels is incompletely 
understood but is rapidly being addressed by current 
studies. Studies using transgenic mouse models that allow 
mutant channels to be studied in vivo are critical to future 
success, as are correlative studies of channel distribution 
in human tissue.

Screening of large clinical populations suggests, how-
ever, that amino acid coding mutations in SCN1A, SCN2A, 
and SCN1B account for only about 20% of familial cases 
of GEFS� and a far lower percentage of cases of idiopathic 
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generalized epilepsy (67, 68). This implies that other genes 
may be involved, and the search has begun. Recently, 
mutations in the GABRG2 and GABRD genes, which 
encode the gamma2 and delta subunits of the GABAA
receptor, were also identified as causes of GEFS� (83, 84). 
GABAA receptors are ligand-gated Cl� channels (85). 
GABA released at inhibitory synapses binds to sites on 
the extracellular side of the channel, leading to chan-
nel opening and Cl� influx and generating a fast inhibi-
tory postsynaptic potential (IPSP). There are 16 human 
genes for subunits of GABA receptors: alpha1–6, beta1–4, 
gamma1–3, delta, epsilon, and theta. Each GABA receptor 
is a pentameric complex consisting of two alpha subunits, 
two beta subunits, and single subunit of class gamma, 
delta, epsilon, or theta. Although receptors containing 
a variety of different subunit combinations are repre-
sented in vivo, the most abundant and widely distributed 
form of the receptor is formed by alpha1, beta2, and 
gamma2 subunits. The known gamma2 subunit muta-
tions range widely in the severity of their effects on chan-
nel function and the associated clinical phenotype. One 
mutation (R43N), found in a pedigree with a relatively 
mild seizure phenotypes (febrile seizures and childhood 
absence epilepsy), introduces a point mutation in the 
site for channel modulation by benzodiazepines such as 
diazepam and lorazepam (86). R43N mutant channels 
expressed in Xenopus oocytes exhibited only 10% reduc-
tions in GABA current amplitudes, though responsiveness 
to benzodiazepines was abolished completely. A second 
missense mutation (K289M), in an extracellular loop 
between the M2 and M3 transmembrane segments, was 
associated with a �90% reduction in GABA currents and 
a more severe phenotype of febrile seizures and afebrile 
generalized tonic-clonic seizures (83). Finally, a trunca-
tion mutation in GABRG2 was found in a patient with 
SMEI within a branch of a large GEFS� pedigree with 
bilineal inheritance of epilepsy (87). When expressed in 
oocytes or cultured mammalian cells, this truncation 
mutation (Q351X) acted as a potent dominant negative, 
coassembling with normal GABA receptor subunits and 
preventing them from leaving the endoplasmic reticulum 
(87). Beyond these direct effects on GABA receptor func-
tioning, three of the GEFS� mutations has been shown 
to impair channel transport to the membrane when 
expressed in cells maintained at elevated temperature 
(40°C); by contrast, wild-type channels did not show 
temperature dependence (88).

Very recently, a fourth GABRG2 mutation was 
found in a small pedigree with febrile seizures and no 
other forms of epilepsy (89). The mutation described 
(R139G) was located in the extracellular portion of the 
subunit, near the location where benzodiazepines bind 
and thereby enhance channel openings. R139G had a 
slight effect on function, speeding the rate of channel 
closing after an opening elicited by GABA. Although the 

number of families is very small, so far there is a direct 
correlation between the severity of epilepsy and the sever-
ity of the effects on channel gating observed in the four 
known GABRG2 mutations.

A single GEFS� pedigree with four affected patients 
has been has been linked to a mutation in GABRD. Chan-
nels including the delta subunit encoded by GABRD are 
located at nonsynaptic sites on the soma and dendrites (90). 
Although delta-containing receptors are present at low 
density, they make important contributions to regulation 
of neuronal responsiveness because of their long-lasting 
openings (91).

Recessive Cortical Dysplasia—Focal Epilepsy Syn-
drome (CDFE; OMIM 610042). An Amish family 
was described in which 9 children were affected by a 
syndrome of cortical dysplasia, focal epilepsy, relative 
macrocephaly, and diminished deep-tendon reflexes (92).
Intractable focal seizures began at 14–20 months of age. 
Subsequently, autism-like features, including language 
regression, hyperactivity, impulsive behavior, and mental 
retardation, developed in all children. Attempts to treat 
the refractory epilepsy by surgical removal of focal dys-
plasic cortical regions did not prevent the recurrence of 
seizures. Pathologic studies of dysplasias showed abnor-
mal neurons, altered neuronal migration, and gliosis. All 
affected children were found to be homozygous for a 
mutation in CNTNAP2, encoding the protein contactin-
associated protein-like 2 (Caspr2). Caspr2 is a single 
transmembrane protein possessing a large extracellular 
domain with multiple protein-protein interaction mod-
ules. Remarkably, Caspr2 is localized on axonal mem-
branes at the axon initial segments and the nodes of 
Ranvier (93, 94). Caspr2 is required for targeting the 
Kv1 subclass of voltage-gated potassium channels to these 
important axonal subdomains (95–97).

The Kv1 channel pore-forming subunits are encoded 
by KCNA genes. Six genes, KCNA1–6, are known to 
be expressed in the CNS, produced by gene duplication 
from a single ancient, ancestral gene. Indeed these genes 
are the homologs of a single fly gene, called Shaker. Flies 
with mutations in Shaker are hyperactive when undis-
turbed and, if exposed to low levels of anesthetic vapors, 
develop rapid shaking movements of their wings, legs, 
and abdomen that prevent normal behavior (98). Record-
ings from Shaker flies show failure of action potentials 
propagated along neuronal axons to repolarize nor-
mally (99). In mammals, the role played by Kv1 chan-
nels on axons undergoes a developmental switch during 
myelination (96, 100). Kv1 channels arrive near the node 
as it begins to form, and they play a key role in axonal 
action potential repolarization during the early stages of 
myelination. Once myelination is complete, Kv1 chan-
nels have a diminished role at nodes, because they are 
sequestered beneath the myelin sheath. However, they 
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are also present on unmyelinated portions of the axon 
both proximally (i.e., the initial segments) and distally 
(at presynaptic terminals), and in these locations they 
contribute to control of initiation and neurotransmitter 
release (93, 101). The basis for epilepsy based on reces-
sive inheritance of Caspr2 mutations is not established, 
but the connection with axonal excitability is particularly 
provocative in view of the better-established axonal roles 
of Nav and KCNQ subunits mutated in neonatal and 
infantile forms of epilepsy. This family study is also the 
first human example of recessive inheritance of epilepsy 
involving channel regulation. A large number of reces-
sive epileptic channelopathies have been identified in 
inbred stains of laboratory mice (102); the relative lack 
of such mutations detected in human epilepsy reflects 
the uncommonness of consanguinity required for the 
rare pathogenic mutations to become symptomatic, and 
the difficulty of identifying mutations in small families.

Axonal Hyperexcitability: An Emerging Theme in the 
Hereditary Epilepsies of Neotates and Infants. From 
the foregoing discussion, it is clear that recent evidence 
has linked KCNQ channels, Nav1.2, Nav1.1, and Caspr2 
mutations to forms of epilepsy involving neonates and/or 
infants. In parallel, cell biologic studies have revealed 
that all of these proteins have major roles in regulation 
of intrinsic axonal excitability in the developing nervous 
system. It seems clear that in these early-onset forms of 
epilepsy, disturbance of the ion channels that mediate 
the actual initiation and firing of action potentials is cen-
trally important. It is not yet known why, for example, 
mutations in KCNQ2 should cause onset of seizures at 
an earlier age than mutations in Nav1.2. Further experi-
ments should help to clarify the specific age-dependent 
phenotypes associated with various mutations and, in 
the process, the precise functions played by these chan-
nel types.

Channel Mutations in Epilepsies with Onset 
In Childhood and Adolescence

Autosomal Dominant Nocturnal Frontal Lobe Epilepsy 
(ADNFLE; OMIM 600513). In 1994, Scheffer et al. 
described a new epilepsy syndrome characterized by clus-
ters of brief nocturnal motor seizures (103, 104). The 
attacks began in childhood (median age 8 years) and 
persisted throughout life, often misdiagnosed as night 
terrors, nightmares, hysteria, or paroxysmal nocturnal 
dystonia. Video-EEG recordings revealed that the noc-
turnal attacks were epileptic seizures heralded by fron-
tally predominant sharp- and slow-wave activity (104), 
usually arising from stage 2 non-REM sleep. In spite of 
improved understanding of the disorder, clinical differen-
tiation from parasomnias and other paroxysmal disorders 

of sleep can be challenging and may require video-EEG 
monitoring and polysomnography (105, 106).

Initial analysis of ADNFLE pedigrees suggested 
autosomal dominant inheritance with incomplete (�70%) 
penetrance. Subsequent molecular genetic studies have 
revealed mutations in genes for three subunits of neuronal 
nicotinic acetylcholine receptors (nAchRs) in affected 
individuals: CHRNA4 on chromosome 20, CNRNB2 
on chromosome 1, and CHRNA2 on chromosome 8 
(107–111).

Central nAchRs are pentameric cation channels, 
closely related to the well-studied nAchRs at skeletal 
muscle endplates, but are composed of alpha and beta 
subunits expressed only (or at least, primarily) by neu-
rons. Binding of acetylcholine to sites on alpha subunits 
leads to channel opening and membrane depolarization. 
Although there are distinct genes for seven neuronal 
nAchR alpha subunits and three beta subunits, hetero-
meric channels formed by coassembly of alpha4 and beta2 
subunits appear to be the most abundant form expressed 
in brain. The subunits share a common basic structure, 
with a large, extracellular amino-terminal domain and 
four transmembrane alpha-helices. The second (M2) helix 
lines the transmembrane ion pathway and is believed to 
undergo a twisting conformational change after acetyl-
choline binding that allows ions to flow.

The ADNFLE mutations in alpha4 or beta2 described 
so far all result in single amino acid changes at key posi-
tions within the pore-lining helices and might therefore 
be expected to cause changes in gating or ion conduc-
tance properties. Indeed, electrophysiologic experiments 
using the mutant subunits expressed in experimental 
cells such as Xenopus oocytes or mammalian cultured 
cells have revealed marked, albeit complex, changes in 
these properties (108, 112, 113). The �4 S248F mutant 
AchR responses showed faster desensitization, slower 
recovery from desensitization, less inward rectification, 
and virtually no Ca2� permeability as compared with 
wild-type �4/�2 AChRs (112). Although these effects 
would all tend to reduce channel activity, this mutation 
also caused use-dependent up-regulation of activity and 
was more strongly activated by low levels of agonist, 
effects that might result in enhanced activity in vivo. Stud-
ies of the two known CHRNB2 mutants show differing 
effects: The V287M mutation shows normal kinetics but 
10-fold increased Ach sensitivity (110), whereas the V287L 
mutation shows normal Ach sensitivity but 30-fold slower 
kinetics (109). The alpha2 mutation, I279N, is in the first 
transmembrane segment (M1) that links the extracellular 
ligand-binding domain to the pore-lining segment (M1). 
Recordings of transfected cells expressing either the mutant 
or the wild-type receptor showed that I279N markedly 
increases the receptor sensitivity to acetylcholine (109).

Immunolocalization studies show that the alpha4 
subunit is widely expressed and is localized on neuronal 
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somata and dendrites in cortical and subcortical structures, 
and it is particularly highly expressed by dopaminergic 
neurons in the substantia nigra (114). Labarca et al gen-
erated CHRNA mutant mice harboring a point mutation 
in the pore near the position of the ADNFLE mutations 
(115). This mutation caused 30-fold increased Ach sen-
sitivity and is partially activated by choline at levels that 
are normally present in cerebrospinal fluid. Mice exhibited 
early lethality and loss of nigral dopaminergic neurons. 
More recently, investigators generated two lines of trans-
genic mice expressing different ADNFLE mutations and 
found, paradoxically, a 20-fold increase in nicotine-induced 
GABAergic inhibitory postsynaptic currents in cortical 
neurons, with no change in excitatory currents (116).

How could increased inhibition lead to seizures? 
Because cortical GABAergic interneurons project widely 
to large numbers of neighboring pyramidal cells, they are 
powerful synchronizers of cortical output. Neurons in 
basal cholinergic nuclei project to the thalamocortical cir-
cuits that mediate transitions between sleep and wakeful-
ness; acetylcholine release in these circuits contributes to 
arousal and alertness (117). Excessive cholinergic respon-
siveness during a critical stage of desynchronization of 
this circuit appears to be sufficient to cause seizures. The 
frontal lobe predominance of the semiology and epileptic 
discharges in ADNFLE patients is not explained by the 
distribution patterns of the receptors, which are wide-
spread, but may reflect the inportance of the physiologic 
contribution made by the frontal lobes to the critical 
arousal transition that is disrupted in the disorder.

Episodic Ataxia with Myokymia (and Partial Epilepsy) 
(EA-1; OMIM 160120). EA-1 is a dominantly inher-
ited disorder involving both the brain and peripheral 
nerves (118–120). Patients experience recurrent attacks of 
unsteady gait and loss of limbcoordination lasting minutes 
to hours. This phenotype suggestsan intermittent derange-
ment of cerebellar function. In some cases, transient cogni-
tive deficits accompany the motor symptoms. Attacks may
be provoked by a sudden stress or startle. Myokymia 
is continuously present in many EA-1 patients. This 
myokymia is unaffected by pharmacologic block at the 
proximal portion of peripheral nerves but is reduced by 
distal nerve block and abolished by inhibition of neuro-
muscular transmission. This observation suggests that, 
unlike myotonia or epilepsy, myokymia results from 
abnormal hyperactivity in the peripheral nerve. However, 
patients with EA-1 have about a 10-fold greater risk of 
epileptic seizures compared to the general population 
(118, 121).

In 1994, Browne et al linked EA-1 to missense muta-
tions in KCNA1 (120). KCNA1, one of the mammalian 
Shaker homologs, encodes voltage-gated potassium Kv1.1 
channels that, as discussed previously in connection with 
the severe CDFE syndrome, are targeted to axons by 

interaction with Caspr2. Extensive further work, includ-
ing physiologic studies of the mutant channels, anatomical 
studies of KCNA channel localization in the central ner-
vous system and peripheral nerve, and studies of knockout 
and knockin mice, gives useful clues for understanding the 
basis of the EA-1 phenotype in the brain and peripheral 
nerve (14). Studies in Xenopus oocytes indicate that the 
mutations causing EA-1 result in reductions in KCNA1 
expression and current magnitude (121–123). In some 
cases, EA-1 mutant channels in heterologous cells exhibit 
clear “dominant negative” effects, interacting with coex-
pressed normal channels and preventing them from func-
tioning normally or trafficking to the cell surface. Other 
EA-1 mutants exhibit simple loss-of-function properties in 
vitro. As discussed previously, Kv1 family channels have 
been localized along axons and on presynaptic terminals 
(101, 124–126). Smart et al. generated knockout mice 
lacking KCNA1 (127). Interestingly, mice heterozygous 
for the knockout allele appear normal; this is in contrast 
to the dominantly inherited effects of EA-1 mutations in 
humans. Mice that are homozygousfor the knockout allele 
have subtle defects in cerebellar function (128), but the 
most obvious aspects of their phenotype are very frequent 
generalized epileptic seizures and associated premature 
death (127). It has proved difficult to identify the altera-
tions in cellular physiology that cause frequent spontane-
ous seizures in the Kv1.1 knockout mice; hippocampal 
slices prepared from the knockouts exhibit remarkably 
normal intrinsic neuronal and synaptic properties (127). 
A possible explanations for this was that channels con-
taining the subunit are often localized to small axons and 
presynaptic termini, which are difficult to study directly 
using currently available physiologic methods (126). An 
interesting clue to the pathophysiology of EA-1 is the 
responsiveness of the condition in some but not all pedi-
grees to treatment with the carbonic anhydrase inhibi-
tor acetazolamide (129). To further understand the EA-1 
phenotype, Herson et al generated knockin mice bearing a 
human EA-1 point mutation (130). Heterozygous mutant 
mice exhibited stress-induced loss of coordination that 
was ameliorated by pretreatment with acetazolamide. 
Recordings from brain slices suggest that expression of 
the mutant subunits results in increased neurotransmitter 
release at presynaptic terminals after invasion by action 
potentials. Seizures were not reported in the knockin het-
erozygous mutants, and the homozygous state was lethal 
early in embryonic development.

As a larger number of patients with EA-1 have 
been identified, it has become clear that they differ 
in the severity of their symptoms over a broad spec-
trum and that more severe forms of the disorder are 
often associated with epilepsy. Zuberi et al described 
a family containing five patients with episodic ataxia 
and myokymia, two of which additionally had partial 
complex seizures (121). Eunson et al described a second 
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family with this combination of symptoms, as well as 
families with severe and acetazolamide-resistant ataxia, 
or isolated myokymia (131). When studied in heterolo-
gous cells, the mutations associated with severe ataxia 
and epilepsy caused severe reductions in channel activ-
ity (132). In some cases, the EA-1 plus epilepsy mutant 
subunits were capable of dominant-negative interactions 
with wild-type subunits; that is, they were capable of 
coassembling with the wild-types, but the resulting chan-
nels were hypofunctional because of failure of intracel-
lular trafficking or lack of intrinsic channel activity (132). 
Trafficking defects are likely to be particularly critical in 
neurons, because the KCNA channel proteins are nor-
mally localized to sites along myelinated and nonmyelin-
ated axons and at presynaptic terminals, which are very 
distant from their sites of translation and assembly in the 
endoplasmic reticulum (125, 126, 133).

Autosomal Dominant Juvenile Myoclonic Epilepsy (JME; 
OMIM 606904). JME is characterized by the onset, 
usually during adolescence, of bilateral single or repeti-
tive myoclonic jerks, occurring most commonly upon 
morning awakening (134). A majority of patients have at 
least one generalized tonic-clonic seizure, and about 15% 
have absences. A characteristic EEG finding is frontally 
predominant bilateral 4–6 Hz polyspike-wave discharges. 
JME is not uncommon and represents approximately 
4–6% of all patients with epilepsy (134). Nevertheless, 
identifying genes for JME has been particularly difficult, 
likely as a result of the genetic heterogeneity and com-
plexity underlying the syndrome. Recently, mutations in 
genes for a GABA receptor subunit and a subtype of 
voltage-gated Cl� channel were identified.

Cossette et al. ascertained a large family in which 
epilepsy, with characteristic clinical and electroencepha-
lographic features of common JME, was inherited in an 
autosomal dominant pattern (135). A missense mutation 
was found in GABRA1, resulting in an A322D change 
in a conserved site in the third transmembrane helix of 
the GABA receptor alpha1 subunit. Two alpha subunits 
are present in each pentameric GABA receptor; each 
of these subunits contributes both to a binding site for 
GABA and to the transmembrane pore. Peak currents 
mediated by receptors that included the A322D GABA 
alpha1 mutants were only 10% of those of wild-type 
receptors, and this weak response required 200-fold 
higher concentrations of GABA. Accordingly, the epi-
leptic phenotype would be expected to be associated 
with greatly reduced responsiveness to inhibitory neu-
rotransmission. It is unclear why this mutation results 
in epilepsy of the JME type.

A genomewide linkage analysis of 130 families 
with idiopathic generalized epilepsy (IGE) identified a 
susceptibility locus on chromosome 3q (135). The gene 
CLCN2, encoding a voltage-gated Cl� channel protein 

(called ClC-2 or CLC-2), was identified within the linked 
region and sequenced for mutations in samples from 
46 families (137). Three mutations were identified among 
these families, one in a small family with 5 patients with 
JME. CLC-2, like other members of the chloride chan-
nel family, forms dimeric channel complexes. Hereti-
cally, each chloride channel subunit possesses its own 
transmembrane ion path, and gating of the two pores 
within each channel is regulated by allosteric interactions 
within the protein (10). The JME mutation identified in 
the single family produced a truncated form of the protein 
that was unable to conduct ions itself or coassemble with 
wild-type subunits.

Epilepsy with Grand Mal Seizures on Awakening (EGMA, 
OMIM 607628) and Childhood Absence Epilepsy (CAE; 
OMIM 600131). JME overlaps with another syndrome, 
termed “awakening epilepsy” or “epilepsy with grand 
mal seizures on awakening.” Patients with EGMA have 
difficulty falling asleep, abnormal sleep architecture, and 
the vast majority of their seizures occur clustered within 
the first minutes after awakening from sleep (irrespective 
of the time of day) (138). A CLCN2 mutation encoding 
a nonfunctional channel was identified in a large family 
with EGMA (137).

A subset of JME and EGMA patients experience 
absence spells. A third CLCN2 mutation was found to 
segregate in a small family in which three children had 
typical childhood absence epilepsy (CAE) (137). This 
CAE-linked mutation resulted in a single amino acid 
change (G715E); mutant channels were reported to be 
functional but were reported to exhibit altered voltage 
dependence. This finding has been contradicted by two 
subsequent investigations showing activity of the mutant 
indistinguishable from wild type, further weakening the 
modest genetic evidence provided by the small family 
studied (10). A more recent survey of 55 families with IGE 
failed to identify additional CLCN2 mutations (138). At 
present, the strongest evidence linking CLCN2 to general-
ized epilepsy is provided by the large EGMA pedigree.

Autosomal Dominant Partial Epilepsy with Auditory 
Features (ADPEAF, OMIM 600512). In 1995 Ottman 
et al described a large family in which partial seizures 
associated with unusual auditory auras were inherited 
in an autosomal dominant pattern linked to a gene on 
chromosome 10 (140). Several additional families with 
this distinctive syndrome were subsequently identified 
(141, 142). The age of seizure onset was typically at 9 
to 12 years of age. Seizures are heralded by a variety 
of stereotyped, but in nearly all cases nonverbal, audi-
tory hallucinations (141). Mutations were subsequently 
identified in the gene Lgi1, a gene of unknown function 
previously shown to be disrupted in some patients with 
primary brain tumors (143). This set in motion efforts 
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to understand the function of the Lgi1 protein in brain 
development, auditory processing, and epileptogenesis.

At present, evidence supporting two conflicting 
models has been described. One set of experiments shows 
that the Lgi1 protein is physically associated with and 
enhances the activity of Kv1 family voltage-gated potas-
sium channels whose pore-forming subunits are encoded 
by the KCNA genes (144). In this model, Lgi1 is a cyto-
solic protein that binds to the intracellular portion of 
channels that contain both pore-forming subunits and 
previously described channel intracellular accessory units, 
called beta subunits. The beta1 subunit causes Kv1 chan-
nels to close after a period of milliseconds of membrane 
depolarization. This time- and voltage-dependent closing, 
called inactivation, is similar to the fast inactivation of 
sodium channels that helps terminate each action poten-
tial. However, inactivation of K� channels will generally 
tend to increase neuronal excitability. Wild-type Lgi1 
proteins antagonize this inactivation, prolonging chan-
nel opening. Mutations derived from ADPEAF patients, 
which produce truncated proteins, all abolish the ability 
of the Lgi1 protein to prolong the K� channel opening. 
This model is consistent with previously discussed find-
ings that loss-of-function KCNA1 mutations that cause 
epilepsy in some patients with EA-1, and mutations in 
Caspr2 that disrupt Kv1 channel targeting in the reces-
sive focal epilepsy.

The alternative, and very different, model is based 
on the recent report that Lgi1 protein is packaged in 
secretory vesicles and released into the synaptic cleft, 
where it binds tightly to a cluster of proteins linked to 
postsynaptic glutamate receptors (145, 146). Lgi1 binds 
directly to ADAM22, and is thereby linked to PSD-95 and 
stargazin, all of which are components of the excitatory 
postsynaptic density. Application of soluble Lgi1 proteins 
to brain slices in vitro results in enhancement of alpha-
amino-3-hydroxy-5-methylisoxazole-4-propionic acid 
(AMPA)-type glutamate receptor currents. Lgi1 applied 
to neurons grown in dissociated culture increases the 
number of AMPA receptors at the cell surface. Mutations 
in stargazin and ADAM22 that are capable of disrupting 
the protein complex are associated with epilepsy in mice 
(although human mutations in these genes are unknown) 
(146–148). Effects of Lgi1 mutations on this complex and 
the implications for receptor function are incompletely 
known, but the implication is that mutations would tend 
to reduce postsynaptic excitatory currents.

How can the two proposed functional roles of Lgi1 be 
reconciled? Immunoblots of proteins separated by sodium 
dodecyl sulfate (SDS) gel electrophoresis reveal two forms 
of Lgi1 that differ by 3–5 kDa, indicating that the pro-
tein is either alternatively spliced or post-translationally
processed (150). Moreover, the larger form localizes to 
the cytoplasm, whereas the smaller is found in a micro-
somal fraction containing secretory vesicles. Although it 

is not clear which form is most important for epilepsy, 
hippocampal and cerebellar cortex (areas with particu-
larly high densities of AMPA-type glutamatergic syn-
apses) showed predominantly the smaller, presumed 
secreted form. The highest percentage of the cytosolic, 
high-molecular-weight form was present in temporal neo-
cortex (150). This result favors the idea that the cytoplas-
mic interaction with potassium channel contributes to the 
auditory auras and seizures in ADPEAF, but additional 
studies are needed.

Generalized Epilepsy with Paroxysmal Dyskinesias 
(OMIM 609446). Clinical studies have noted patients, 
sometimes in familial groups, with a combination of gen-
eralized epilepsy and paroxysmal dyskinesia (151, 152). 
Du et al. described an unusual family with 16 affected 
individuals in five consecutive generations, strongly indi-
cating dominant inheritance. Seven had paroxysmal non-
kinesogenic dyskinesias, four developed epilepsy only, 
and five exhibited both symptoms. The symptom onset 
age ranged broadly from 3 to 15 years, with one patient 
developing seizures before 6 months. After establishing 
linkage to chromosome 10, the investigators identified a 
mutation in KCNMA1, which encodes a pore-forming 
alpha subunit of a type of calcium-activated potassium 
channel called BK (“Big-K”; also “Maxi-K”) because 
these channels pass ions at higher rates than other K�

channel types. BK channels are activated synergistically 
by membrane depolarization and elevated intracellular 
Ca2� (1). Their opening rates are very fast, enabling them 
to speed repolarization of action potentials, shortening the 
sodium channel refractory period and thereby facilitating 
rapid neuronal bursting. The pathogenic mutation in BK 
identified increases channel activity (153). Interestingly, 
a knockout mutation in a BK accessory subunit has also 
recently been shown to cause epilepsy in transgenic mice 
(154). Careful electrophysiologic analysis of these mice 
indicates that this mutation also increases the activity of 
BK, leading to increased neuronal firing. The detailed bio-
physical mechanism whereby excitability is increased in 
the mice is intriguingly indirect. First, the enhanced BK 
activity and associated shortened action potential dura-
tion causes a reduction in Ca2� entry during each spike. 
This diminishes the activation of a second type of Ca2�-
activated K�channel, known as SK (“small-conductance 
K� channel”). Despite their name, SK channels very 
potently limit excitability by means of their long-lasting 
openings. So preventing SK activation (by increasing BK 
openings) leads to markedly increased cellular excitability. 
In effect, the cell must balance BK and SK activity precisely 
to maintain the desired overall level of excitability. This 
elegant electrophysiologic analysis again illustrates the 
importance of transgenic mouse models for current stud-
ies of the epileptic channelopathies, and it begins to hint at 
how very indirect the effects of a mutation can be.
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CONCLUSIONS AND IMPLICATIONS FOR 
THERAPEUTICS

Although the first identification of a channel gene muta-
tion in epilepsy occurred only in 1994, many such muta-
tions have now been identified in 15 different channel 
subunits and channel-associated proteins. What do these 
efforts reveal about the causes of epilepsy and potential 
for novel treatments? One remarkable result is that many 
of the mutations have been found in subunits of voltage-
dependent Na� channels and GABA receptors, impor-
tant targets of the majority of currently approved drugs, 
all developed through in vivo pharmacologic screening. 
Many (but not all) Na� channel mutations in GEFS�,
for example, result in increased Na� channel activity; 
by contrast, such drugs as phenytoin, carbamazepine, 
and lamotrigine act by blocking Na� channel activity. 
Similarly, in autosomal dominant JME and some cases 
of GEFS�, mutations in GABA receptor subunits that 
reduce activity are implicated, whereas benzodiazepines 
and barbiturates potentiate GABA receptor activity. This 
is satisfying, but is also potentially a cause for concern. 
If genetics were only to lead us back to the therapeutic 
targets we know about, it would be informative but of 
little practical use. In this regard, the stories of the identi-
fication of the KCNQ channel mutations in BFNS, nico-
tinic acetylcholine receptor mutations in ADNFLE, and 
Lgi1 mutations in ADPEAF are exciting and reassuring 
counterexamples. The neuronal KCNQ channels and the 
functions of Lgi1 regulating K� channels and glutamate 
receptors were unknown before these mutations led to 
the recent mechanistic studies discussed in this chapter. It 
seems possible that a new class of KCNQ opener drugs 
may be developed, with patterns of clinical usefulness 
that are quite different from available agents. The Lgi1-
dependent augmentation of K� channel activity is another 
potential target for future drug development. As neuro-
biologic studies allow us to understand the mechanistic 
pathways through which individual mutations lead to 
seizures, additional targets will be revealed beyond the 
mutated gene itself. An example of this is the unexpected 
observation that nicotinic receptor mutations in ADNFLE 
may cause seizures through enhanced inhibition during 
arousal from deep sleep. Interestingly, low doses of pic-
rotoxin, a GABA antagonist that is strongly convulsant 
at higher doses, blocked epileptiform EEG activity and 

spontaneous seizures in transgenic mice bearing ADNFLE 
mutations (116).

Although many aspects of genotype-phenotype 
relationships remain poorly understood, recent years 
have brought considerable progress, encouraging opti-
mism that the pathogenic mechanisms in these disorders 
can be understood in detail. Examples of such progress 
are the identification of the role for KCNQ channels 
in setting thresholds by targeting to the axonal spike 
initiation zone, the discovery that SCN1A subunits are 
preferentially expressed on inhibitory interneurons, and 
the analysis showing how KCNM1 mutations increasing 
the activity of BK channels can paradoxically increase 
neuronal excitability (30, 81, 155). However, it remains 
unclear whether, in GEFS� families, the variable phe-
notype seen within pedigrees may reflect differences in 
genetic background between individuals, environmental 
exposures, or both. The spectrum of phenotypes associ-
ated with SCN1A mutations, ranging from normal gene 
carriers or patients with only FS in GEFS� pedigrees to 
SMEI patients with severe refractory seizures and pro-
gressive motor and cognitive decline, is impressive and 
requires further study. It remains unclear whether the 
more severe phenotypes in GEFS� pedigrees and SMEI 
should be seen as a part of the GEFS� spectrum, since 
they are almost certainly associated with secondary 
changes in brain structure and function (e.g., cell death, 
network reorganization, changes in the levels of expres-
sion of other channels and signaling proteins) that do not 
occur in mildly affected individuals. Finally, as patho-
genic mechanisms in these Mendelian forms of epilepsy 
become clearer, efforts will focus on understanding to 
what extent these mechanisms contribute to the common, 
non-Mendelian forms of epilepsy. Already, the epileptic 
channelopathies fit poorly with our traditional classifica-
tion of the epilepsies as idiopathic (i.e., hereditary, with 
normal function except for seizures) versus symptomatic 
(associated with cognitive, motor, and other deficits). Not 
only can different mutations in the same channel cause 
varying degrees of impairment—the same mutation can 
have variable effects within a pedigree.

Resolving these and unforeseen questions arising 
with the identification of novel epilepsy mutations should 
be extremely fruitful both in terms of a better under-
standing of basic mechanisms underlying seizures and 
epileptogenesis and for drug development.
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Metabolic and 
Pharmacologic
Consequences of Seizures

he electrical discharge of neurons 
associated with seizure activity 
stimulates a marked rise in cerebral 
metabolic activity. Estimates from 

animal experiments indicate that energy utilization during 
seizures increases by more than 200 percent, while tissue 
adenosine triphosphate (ATP) levels remain at more than 
95 percent of control, even during prolonged status epilep-
ticus (1, 2). Cerebral metabolic activity can be measured 
using 2-deoxy-2-[18F]-fluoro-D-glucose positron emission 
tomography (FDG PET) (3), and magnetic resonance 
spectroscopy (MRS) can be used to measure the turnover 
of glutamate, the major excitatory neurotransmitter (4). 
Comparison of FDG PET and MRS in patients with sei-
zures indicates that glucose metabolism and the turnover 
of glutamate are tightly coupled (3). This is because the 
transporters that remove glutamate as well as gamma-
aminobutyric acid (GABA), the major inhibitory neu-
rotransmitter, from the synaptic cleft require substantial 
energy (5). These transporters are located on astroglia 
that surround synapses, and they remove glutamate and 
GABA soon after their release from presynaptic nerve 
terminals to terminate their activity. The transporters 
are linked to a Na�/K�-ATPase, which in turn is pow-
ered by anaerobic metabolism of glucose (4). The brain 
generally withstands the metabolic challenge of seizures 
quite well because enhanced cerebral blood flow delivers 

Michael V. Johnston
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additional oxygen and glucose. Mild to moderate degrees 
of hypoxemia that commonly accompany seizures are 
usually harmless. In addition, the immature brain is less 
vulnerable to injury from seizures than the adult brain 
(6, 7). However, status epilepticus can sometimes produce 
an imbalance between metabolic demands and cerebral 
perfusion, especially if severe hypotension or hypogly-
cemia is present. Injury can also occur through a direct 
effect on synapses known as excitotoxicity (8, 9).

Excitotoxicity refers to a process of injury triggered 
by excessive activation of neuronal receptors for the excit-
atory amino acid (EAA) neurotransmitters glutamate 
and aspartate. Under normal circumstances, activation 
of EAA receptors mediates more than half of the neu-
ronal communication in the brain (10). Seizures initiate 
release of EAA neurotransmitters from nerve terminals 
into the synaptic cleft, where they bind to specific neu-
ronal receptors and cause postsynaptic excitation. In the 
developing brain, EAA receptors serve an additional role 
as regulators of neuronal development (11). During a 
prolonged seizure, if the EAA neurotransmitter release 
continues unabated to raise the synaptic concentration 
of glutamate, excessive EAA receptor stimulation may 
damage and eventually kill neurons.

An important component of the excitotoxicity 
theory holds that EAAs cause intracellular calcium 
overload, which intoxicates neurons (12–14). Calcium 

T
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and sodium are allowed to enter neurons through pores 
or ionophores controlled by EAA receptors. The con-
centration of calcium within the neuron is normally 
10,000 times lower than in the extracellular fluid, and 
calcium entry is tightly controlled. The neuron has 
several mechanisms for protecting itself from exces-
sive calcium influx, including sequestration of calcium 
within mitochondria and endoplasmic reticulum and 
energy-dependent pumps that move calcium outward 
across the cell membrane. Continued bombardment of 
the neuron by EAA neurotransmitters can overwhelm 
these protective mechanisms, allowing calcium to poi-
son the metabolic machinery of the neuron (15). The 
EAA theory proposes that excitatory neurotransmitters 
are a major direct link between excessive seizure activity 
and neuronal injury; however, metabolic derangements 
such as hypoxia may play a contributing destructive role 
by reducing the efficiency of energy-dependent protec-
tive mechanisms and hastening EAA-stimulated meta-
bolic exhaustion (16).

PHARMACOLOGY OF EXCITATORY 
AMINO ACID RECEPTORS

Glutamate is released from presynaptic nerve terminals, 
but the synaptic concentration is quickly reduced by an 
active reuptake process mediated by its specific, energy-
dependent reuptake pump. Impairment in the activity 
of the EAA reuptake pump may play an important role 
in EAA neurotoxicity in disease states. In experimental 
hypoxia-ischemia, synaptosomal uptake of glutamate is 
transiently reduced, contributing to marked elevations in 
extracellular glutamate concentrations, which may reach 
the micromolar range (17). Metabolic disorders may con-
tribute to EAA neurotoxicity by this mechanism.

The excitatory responses to glutamate are medi-
ated by several receptor subtypes that may be classified 
into two broad categories as either N-methyl-D-aspartate
(NMDA)-type or non-NMDA-type EAA receptors (18, 19) 
(Figures 4-1 and 4-2). Glutamate is a relatively flexible 
amino acid molecule that can assume several different 
conformations, and NMDA is a rigid glutamate analog 
that represents one of them (20). NMDA maximally acti-
vates a glutamate receptor that is linked to an ion channel. 
Together the receptor and its channel are referred to as 
the NMDA receptor/channel complex (see Figure 4-1). 
Molecular cloning of NMDA receptors showed that their 
diverse characteristics are related to variations in specific 
combinations of subunits (21). The NMDA channel is 
permeable to cations such as sodium and calcium, and 
at normal membrane potential the channel is blocked 
by magnesium ions (22). Partial depolarization of the 
membrane potential is necessary for the magnesium block 
to be removed. As a result, the NMDA receptor/channel 

complex is not generally involved in ordinary rapid 
impulse flow.

Several antagonists of the NMDA receptor/channel 
complex have been developed, some of which block the 
NMDA receptor (competitive NMDA antagonists) and 
others that block the associated cation channel (noncom-
petitive antagonists). Drugs such as 3-(2-carboxylpiperazin-
4-yl)-propyl-1-phosphonic acid (CPP), CGS-19755, and 
2-amino-5-phosphonovaleric acid (AP5) are competi-
tive blockers at the NMDA receptor (23). The channel 
binding site is sometimes referred to as the phencycli-
dine receptor. Two potent preclinical noncompetitive 
channel-blocking drugs are MK-801 and phencyclidine 
(24, 25). The clinically approved anesthetic ketamine 
(26) and the antitussive dextromethorphan (27), as well 
as the anticonvulsant felbamate, are also NMDA chan-
nel blockers. Memantine, an “un-competitive” NMDA 
channel blocker, has recently been approved by the Food 
and Drug Administration for use in Alzheimer disease. 
It differs from noncompetitive NMDA blockers in that 
it binds more avidly to open channels, rather than indis-
criminately blocking all channel conformations (28). This 

Glycine NMDA TCP

Ca2+

Na+

Mg

FIGURE 4-1

Current understanding of the components of the NMDA 
receptor/channel complex, based on biochemical and electro-
physiological evidence, is outlined in this schematic diagram. 
The NMDA recognition site is coupled to a cationic channel 
that is permeable to Ca2� and Na� . NMDA receptor activa-
tion is modulated by several regulatory sites. Activation of a 
closely associated glycine recognition site is required for chan-
nel activation and markedly enhances responses to NMDA. 
Physiological concentrations of Mg2� block the NMDA-
associated ionophore, and membrane depolarization relieves 
this blockade. Thus, NMDA receptor/channel activation 
requires activation of both NMDA and glycine receptors and 
concurrent membrane depolarization. NMDA-receptor chan-
nel activation also can be modulated by Zn2� and polyamines 
(not illustrated). Noncompetitive NMDA receptor antagonists, 
such as phencyclidine and its thienyl derivative TCP, block 
NMDA responses by binding within the NMDA-operated 
ionophore. Cerebral events that impair the mechanisms that 
regulate Ca2� homeostasis can produce a prolonged elevation 
of intracellular Ca2� concentration and cytotoxicity.
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mechanism may be associated with fewer psychotomi-
metic side effects than are associated with more complete 
channel blockade.

The NMDA receptor/channel complex also includes 
several regulatory sites. One receptor is specific for the 
simple amino acid glycine (29, 30). Unlike the inhibitory 
glycine site in the spinal cord, this site is not sensitive 
to strychnine, and activation facilitates opening of the 

NMDA channel by glutamate. Recognition sites for zinc 
and polyamines also appear to regulate NMDA receptor/
channel complex activity (13). Drugs that block the gly-
cine site on the NMDA receptor are being developed 
to attempt to avoid the psychotomimetic side effects of 
noncompetitive NMDA antagonists (31). Non-NMDA 
receptors were initially identified because they were acti-
vated preferentially by the glutamate analogs quisqualic 

FIGURE 4-2

This schematic diagram outlines the synaptic components that contribute to EAA-mediated synaptic transmission, second-
messenger generation, and calcium homeostasis. (1) EAAs such as glutamate are released from presynaptic terminals in a 
calcium-dependent process by presynaptic depolarization. (2–4) Glutamate in the synaptic cleft depolarizes the postsynap-
tic membrane by binding to at least three subsets of EAA receptors. Activation of (2) the NMDA receptor/channel complex, 
(3) AMPA receptors, and (4) kainate receptors, produced calcium (Ca2�) and sodium (Na�) entry through receptor-associ-
ated ionophores. Furthermore, activation of a subset of metabotropic receptors that are linked to phospholipase C produces 
phosphoinositol hydrolysis and generation of the second messengers inositol triphosphate and diacylglycerol. (5) The excitatory
action of synaptically released EAA is terminated by a presynaptic, high-affinity, energy-dependent transport process.
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acid and kainic acid (19). Kainic acid is a very potent 
neurotoxic and convulsant agent in the adult brain (32, 33). 
Currently, two major types of non-NMDA receptor are 
recognized: one that is linked to an ion channel that fluxes 
sodium and to a lesser extent calcium, and another that 
is linked to stimulation of phosphoinositide (PPI) turn-
over or downregulation of cyclic-AMP production (20). 
The so-called ionotropic non-NMDA receptors are now 
divided into kainate receptors and AMPA (alpha-amino-
3-hydroxy-5-methyl-4-isoxazole propionate) receptors. 
Molecular studies indicate that these two receptors have 
similar molecular characteristics, with AMPA receptors 
made up from combinations of GluR1-4 receptor sub-
units, and kainate receptors made up of GluR5-7 subunits.
AMPA receptors mediate most of the fast excitatory activ-
ity in the brain, and they include most of the receptors 
previously referred to as quisqualate receptors (20). The 
anticonvulsant topiramate is an AMPA receptor blocker. 
Kainate receptors stimulate presynaptic release of glu-
tamate as well as activating postsynaptic receptors. 
The glutamate receptors linked to second messengers 
are called metabotropic receptors. A marked increase 
in glutamate release, which occurs during a prolonged 
seizure, is likely to result in the activation of all types of 
glutamate receptors.

DEVELOPMENT OF EXCITATORY AND 
INHIBITORY SYNAPTIC MARKERS

Synaptic markers for EAA neurotransmitters undergo 
marked changes during postnatal development (34–37). 
Studies of the ontogeny of NMDA and AMPA-sensitive 
receptor subtypes during postnatal development indi-
cate that NMDA-type and non-NMDA-type glutamate 
receptors have a unique ontogenetic profile in the hip-
pocampal formation (37). When receptors for NMDA-
sensitive 3H-glutamate binding, strychnine-insensitive 
glycine binding, and 3H-N-(1[2-thienyl]cyclohexyl)3, 
4-piperidine (TCP) binding to the channel were examined 
independently, all were found to be overexpressed in the 
neonatal period relative to the adult. NMDA-sensitive 
binding exceeded adult levels by 50 to 120 percent in all 
regions of the hippocampus examined, with peak densi-
ties occurring between postnatal days 10 and 28. The 
ontogenetic profiles of the glycine modulatory site and 
the phencyclidine receptor were similar to each other but 
were delayed with respect to the timing of the NMDA 
recognition site. The physiologic relevance of overexpres-
sion of NMDA recognition sites relative to other compo-
nents of the NMDA receptor/channel complex is unclear. 
However, the temporal expression of NMDA recognition 
sites correlates with the molecular changes in receptor 
subunits and synaptogenesis (38–40). Studies of NMDA 
receptors in human cerebral cortex in early life have also 

demonstrated enhanced levels and different characteris-
tics compared to adults (39, 41).

The ontogeny of NMDA receptor binding also 
appears to correlate with physiologic changes. Long-
term potentiation, a synaptic correlate of memory, is 
enhanced during the neonatal period in rats, at the same 
time that NMDA-mediated neurotransmission predomi-
nates over AMPA-mediated activity (42). Postsynaptic 
excitation appears to predominate over inhibition during 
the first postnatal weeks of hippocampal development, 
as does enhanced seizure susceptibility (43). In CA3 
of the hippocampus, superfusion with NMDA elicits 
recurrent synchronized burst activity, and the epilepto-
genic effect of NMDA increases from postnatal days 1 
to 10 (44). Also, the susceptibility to epileptiform activ-
ity increases from postnatal days 4 to 6 to postnatal 
day 14 (45). This activity is blocked by specific NMDA 
receptor antagonists (46). The development of NMDA 
receptors tends to lag behind the development of sensi-
tivity to NMDA neurotoxicity, which transiently peaks 
on day seven.

AMPA receptors also undergo developmental 
changes that make them more calcium permeable and 
more likely to mediate seizures and excitotoxicity in 
infancy and childhood (47). AMPA receptors that lack 
GluR2 subunits are calcium permeable, while AMPA 
receptors that include GluR2 subunits flux only sodium. 
Jensen and colleagues have studied the development of 
AMPA receptor subunits in rats and human postmortem 
tissue and found a correspondence between the expression 
of GluR2-lacking receptors and regional susceptibility to 
brain injury and seizures (48–50). GluR2-lacking AMPA 
receptors appear first in radial glia and oligodendrocytes 
in the periventricular white matter at 25–32 weeks ges-
tation in humans (49). Their expression is delayed to 
around 40 weeks gestation in pyramidal neurons and 
nonpyramidal neurons of the cerebral cortex, persisting 
into early infancy and beyond in selected regions (49). 
These ontogenetic changes in AMPA receptors are con-
sistent with experimental evidence that AMPA-receptor 
antagonists provide protection against seizures and dam-
age at these stages in development (51).

The development of markers for GABAergic inhibi-
tory synapses also undergoes major changes in the post-
natal period and tends to lag behind development of 
excitatory synapses (52–54). GABAA receptor antagonists 
cause prolonged seizure-like discharges in the hippocam-
pus of 2–3-week-old rats (43). However, during early life, 
extending to the end of the first week postnatal in rats, 
stimulation of GABAA receptors paradoxically produces 
excitation rather than inhibition, as a result of a lag in 
the development of the chloride KCC2 transporter, which 
maintains low intracellular Cl� levels (55–58). Without 
this transporter, high concentrations of Cl� accumulate 
within the dendrite, resulting in depolarization when the 
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Cl� channel is opened by GABA. This is consistent with 
the theme that excitatory neurotransmission is enhanced 
early in development to support activity-dependent neu-
ronal development and plasticity and becomes more bal-
anced with inhibitory neurotransmission later in life (59). 
These developmental programs contribute to the higher 
incidence of seizures in infants and children.

DEVELOPMENTAL CHANGES IN 
GLUTAMATE NEUROTOXICITY

The immature brain is quite sensitive to neurotoxicity 
from glutamate and certain of its analogs (33, 60). Olney 
discovered a number of years ago that feeding monoso-
dium glutamate to neonatal mice produced characteristic 
lesions in the hypothalamus (33). More recently, it has 
become clear that the receptors that mediate glutamate 
neurotoxicity respond differently in the immature brain 
compared with the adult brain. These observations have 
important implications for the EAA neurotransmitter 
hypothesis of epileptic brain injury in children.

In adults, kainic acid is the most potent neurotoxic 
analog of glutamate, but in neonatal rodents NMDA 
is the most toxic analog (60–62). Although kainic acid 
produces seizures in the immature brain, it produces 
little cytotoxicity (63). In contrast, NMDA injected into 
the 7-day-old rat brain produces prolonged seizures and 
extensive neurotoxicity. At 7 days of age, the relative neu-
rotoxicity of several glutamate analogs is NMDA ���
AMPA � kainic 	 zero, whereas in the adult kainic acid 
�� NMDA 
 AMPA. The severity of brain injury pro-
duced by direct injection of NMDA into the 7-day-old 
rat brain is approximately 60 times greater than in the 
adult (60). There is a relatively sharp peak of sensitiv-
ity to NMDA neurotoxicity at 7 days of age in the rat, 
with less sensitivity at times before and after, suggesting 
a potentially important effect of age on sensitivity to 
EAA-mediated injury. The shift in sensitivity to NMDA 
neurotoxicity parallels developmental changes in genetic 
expression of NMDA subunits that make up the recep-
tor channel complex (40, 64). These changes appear to 
be programmed to mediate activity-dependent neuronal 
plasticity during early development (11). NMDA recep-
tor activity is needed to promote normal development, 
and excessive blockade of these receptors leads to neu-
ronal apoptosis (65). The NMDA receptor is a potential 
Achilles heel for the developing brain: both overstimu-
lation and blockade can produce damage under certain 
circumstances (11).

The susceptibility of the developing brain to 
NMDA-induced brain injury parallels the susceptibility 
to hypoxic-ischemic brain injury. Olney’s studies suggest 
that the acute neurohistologic picture of NMDA-induced 
injury in the 7-day-old rat brain is virtually identical to 

that from a hypoxic-ischemic injury at the same age (66). 
NMDA may induce metabolic changes similar to hypoxia-
ischemia. Studies using 31P MRS in brain slices indicate 
that NMDA produces a rapid exhaustion of phospho-
creatine stores and nucleotide triphosphate levels follow-
ing its application (67). The noncompetitive antagonist 
MK-801 protects against hypoxic-ischemic damage in the 
7-day-old rat brain (68). These studies suggest that over-
activation of NMDA receptors may be a final common 
pathway for hypoxic-ischemic injury, as well as other 
types of developmental brain injury. 

EVIDENCE THAT EAA NEUROTRANSMITTERS 
PLAY A ROLE IN SEIZURE-RELATED INJURY

The link between excessive EAA neurotransmitter activity 
and epileptic brain injury was initially strengthened by 
Meldrum’s pioneering studies in subhuman primates (9). 
These studies showed that seizures alone could damage 
the brain and that the EAA analog kainic acid produced 
sustained seizures and brain injury with a regional his-
tologic pattern resembling epileptic brain injury. Similar 
studies of selective injury in the hippocampus from kai-
nic acid injection into the brain have been performed in 
rodents by Nadler and colleagues (69). Two additional 
models in adult animals have also provided additional, 
more direct experimental evidence.

In experiments conducted by Sloviter, electrical 
stimulation of the perforant pathway that projects into 
the hippocampus from the entorhinal cortex leads to 
neuronal degeneration in hippocampal zones innervated 
by perforant pathway fibers (70). The perforant pathway 
is the major excitatory glutamatergic afferent pathway 
into the hippocampus (71). The acute neuropathologic 
changes produced by the persistent stimulation resem-
ble the histopathology seen when glutamate analogues 
or other convulsant substances are injected into the hip-
pocampus (72).

The pathology replicates the typical “epileptic” 
pattern of injury with damage to dentate basket cells, 
hilar cells, and CA3 and CA1 pyramidal cells of the hip-
pocampus. CA2 neurons are typically spared. Electron 
microscopy shows acutely swollen dendritic segments 
distributed in a laminar pattern corresponding to the 
neuronal-receptive fields of EAA pathways in the per-
forant projection. Somatostatin-containing neurons are 
especially vulnerable, whereas GABA neurons are rela-
tively spared (73).

In a second model of epileptic brain injury devel-
oped by Collins and Olney, persistent focal seizure 
activity is induced by focal application of the GABA 
receptor–blocking drug bicuculline onto the cerebral cor-
tex (8). The seizure activity causes acute neurodegenera-
tive changes in specific thalamic regions innervated by the 
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corresponding corticothalamic pathway. This model also 
produces acute neuropathologic changes that resemble 
glutamate-like neuronal degeneration. Using this model, 
Olney’s group demonstrated that ketamine and MK-801, 
two powerful blockers of the action of NMDA-type EAA 
receptors, completely abolish the thalamic damage caused 
by the focal seizure activity (74). MK-801 reduced but did 
not prevent the electrical seizure activity itself, suggesting 
that the neuroprotective action resulted from blockade of 
NMDA-type EAA receptor activation rather than from 
a reduction in neurotransmitter release. The results of 
these experiments, along with the electrical stimulation 
studies, support the hypothesis that EAA receptor stimu-
lation plays an important role in seizure-induced neuro-
nal injury. They also suggest that the neurotoxic effects 
of seizures can be dissociated from effects of excessive 
electrical activity.

MECHANISMS FOR SEIZURES AND INJURY 
IN THE IMMATURE BRAIN

The immature brain, especially the seven-day-old rat 
brain, is quite sensitive to seizures produced by NMDA 
as well as to NMDA-mediated neurotoxicity, but the 
relationship between the two is not clear. The models 
of prolonged direct electrical stimulation of the perfo-
rant pathway and of bicuculline-induced focal seizures 
described for adult animals have not been examined in 
the infant. However, both perforant pathway stimulation 
and the lithium-pilocarpine model of status epilepticus 
have been shown to produce neurotoxicity in the hip-
pocampus of 15-day-old rodents (75). In our experi-
ments, anticonvulsants such as phenytoin, diazepam, 
and pentobarbital markedly reduced NMDA-induced 
seizure activity but did not reduce the neurotoxic effects 
of injected NMDA (76). MK-801 and other NMDA 
antagonists produce significant levels of neuroprotection 
at doses that do not block behavioral seizures. Seizures 
induced by injection of NMDA in immature animals 
have some similarity to electrographic and behavioral 
changes seen in infantile spasms, and this is an active 
area of investigation (77, 78).

Activation of non-NMDA receptors also could 
contribute to seizure-related injury. A model in which 
kainic acid is injected into immature rodents has been 
extensively studied for its effects on brain injury as well 
as on long-term behavior. This is a useful model for try-
ing to understand subtle effects of seizures themselves, as 
opposed to direct pathologic effects of neurotoxicity (79). 
Stimulation of AMPA receptors also produces seizures 
and brain injury in the immature rat (80). Metabotropic 
receptor stimulation may also contribute to effects of 
seizures because seizures stimulate phosphoinositide turn-
over and release of free fatty acids (81).

EAA mechanisms also could play a role in epi-
leptogenesis and seizure expression (82). In an in vitro 
model of electrographic seizures in hippocampal slices, 
NMDA antagonists such as AP4 and MK-801 prevented 
the progressive development of seizures but did not 
block previously induced seizures (83). This suggests 
that the process of establishing a long-lasting seizure-
prone state depends on the NMDA receptor/channel 
complex, whereas the expression of seizures does not. 
AMPA receptor–mediated mechanisms also appear to 
play an important role in seizure susceptibility that fol-
lows exposure to hypoxia in rodents (84). This suggests 
an important distinction between antiepileptogenic and 
anticonvulsant pharmacologic agents (85).

It is also possible that EAA receptors play a role in 
other more subtle developmental sequelae of seizures (43). 
In addition to their role in transmembrane signaling, EAA 
neurotransmitters participate in a variety of neurodevel-
opmental events. These include promotion of neuronal 
survival, growth, and differentiation of neurons; regulation 
of neuronal circuitry and cytoarchitecture; regulation of 
activity-dependent synaptic plasticity; and certain forms 
of learning and memory (86). Excitotoxic amino acids 
may act as neurotrophic factors promoting neuronal 
survival growth and differentiation during development. 
The NMDA receptor/channel complex appears to play a 
critical role in visually determined plasticity in the visual 
cortex (87). Drugs that block the NMDA receptor/channel 
complex may block the physiologically determined ocu-
lar dominance shifts that normally occur with monocu-
lar deprivation. The NMDA receptor/channel complex 
also appears to play a critical role in the formation of 
long-term potentiation, an electrical model of learning 
and memory (88). Disturbances in these normal develop-
mental mechanisms by excessive EAA neurotransmitters 
released during repeated seizures could potentially be a 
mechanism for a variety of neurobehavioral disturbances 
in patients with seizures. Seizure-induced disturbances 
in EAA mechanisms involved in memory in the hippo-
campus might be responsible for disturbances in learn-
ing and memory in patients with frequent or prolonged 
seizures. This encephalopathic disturbance might occur 
in the absence of permanent injury.

Synaptic inhibitory mechanisms also play an 
important role in both short- and long–term changes 
that result from seizures. Short-term changes in GABA 
receptors appear to reduce the efficacy of anticonvulsant 
drugs that target these receptors after extended peri-
ods of status epilepticus (89–93). Injection of tetanus 
toxin into the hippocampus of immature rats produces 
selective impairment of GABA neurotransmission and 
seizures, and this treatment has been shown to induce 
long-term behavioral and learning deficits as well as 
changes in the expression of NMDA receptor subunits (43).
These experimental results reflect the plastic responses 
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of developing excitatory and inhibitory synaptic mecha-
nisms to seizures.

METABOLIC AND PHARMACOLOGIC 
CONSEQUENCES OF SEIZURES

Excitatory Amino Acid Mechanisms in the 
Pathogenesis of Partial Epilepsy

Whether excitotoxic mechanisms play a role in the 
pathogenesis of childhood temporal lobe epilepsy asso-
ciated with hippocampal damage is the subject of debate 
(94, 95). Although laboratory evidence discussed ear-
lier suggests this is likely, human epidemiologic evidence 
suggest that prolonged seizures are usually harmless in 
children (7). Although a history of febrile status epilep-
ticus is frequently obtained in patients undergoing tem-
poral lobectomy surgery for partial complex seizures, 
magnetic resonance imaging (MRI) studies suggest that 
many patients have hippocampal malformations that pre-
dated onset of seizures (96). However, recent serial MRI 
has identified a few children who acquired hippocampal 
sclerosis following very prolonged febrile seizures (97). 
This suggests that EAA pathways may have a role in the 
pathogenesis of certain forms of chronic epilepsy.

Partial complex seizures following hippocampal 
injury or malformation are sometimes progressive, sug-
gesting that further seizures lead to progressive injury 
and synaptic reorganization that promotes more seizures 
(98). EAA mechanisms could contribute to progressive 
metabolic disturbances and injury that could perpetu-
ate this process. Studies of epileptogenic hippocampus 
using intracerebral microdialysis in patients undergoing 
monitoring prior to surgery showed high basal levels of 
glutamate, a low glutamate/glutamine ratio, and high 
lactate levels, which suggest poor glucose utilization (99). 
This is consistent with the observation that FDG PET 
commonly shows hypometabolism in epileptogenic hip-
pocampi (100, 101). Interictal energy deficiency could 
contribute to impaired glutamate reuptake, persistently 
elevated glutamate, and EAA neurotoxicity. Abnormal 
recurrent sprouting of excitatory mossy fibers in the hip-
pocampus that have lost their targets in the CA3 region 
has also been implicated in this process (102). Autora-
diography studies of tissue resected from patients with 
temporal lobe epilepsy shows reduction in binding to the 
phencyclidine site of the NMDA receptor/channel com-
plex and a relative increase in associated NMDA receptor 
sites (100). This resembles the ratio of receptor to chan-
nel binding found in the immature rat brain (37). Eleva-
tions in non-NMDA receptors have also been reported 
in human hippocampal tissue from patients with partial 
complex seizures (103). Studies of human hippocampal 
AMPA and NMDA messenger RNA and protein levels 

in brain tissue from temporal lobe epilepsy patients also 
found elevated levels for AMPA GluR1 and NMDA NR2 
subunits (104, 105), as well as up-regulation of metabo-
tropic mGluR5 receptors (106). These results suggest 
that alterations in glutamate receptor levels and subunit 
composition contribute to neuronal hyperexcitability and 
seizure generation in temporal lobe epilepsy.

These observations suggest a hypothetical mecha-
nism for progressive epileptic change in certain patients 
with complex partial seizures (Figure 4-3). In this hypoth-
esis, a severe insult such as prolonged status epilepticus 
or hypoxia-ischemia leads to EAA release and a gluta-
mate type of injury to neurons in the hippocampus and 
other susceptible regions. This form of injury causes 
loss of some pyramidal neurons, but those that remain 
have stunted dendritic arbors (8, 43, 107). Perhaps in 
response to a reduced surface area of dendrites, post-
synaptic NMDA receptor/channel complexes adjust by 
up-regulating their NMDA receptors. This would com-
pensate for the reduced dendritic surface area available 
for excitatory input to the neuron. In addition, a reduc-
tion in the number of inhibitory GABA receptors might 
also serve to increase excitatory tone (100, 108).

An increased ratio of NMDA receptors per chan-
nel might sensitize the neuron to enhance excitability 
and further injury from physiological amounts of syn-
aptic glutamate. Potentially, the seizure threshold might 
be lower, and further dendritic injury might result from 
excitatory events that are only mildly superphysiological. 
This additional injury in turn leads to a cycle of repeated 
seizures and injury. An important implication of this 
model is that pharmacological attempts could be made 
to prevent further EAA-mediated injury and thereby halt 
the progression of the disorder. Based on studies suggest-
ing that there is a distinction between epileptogenesis 
and epileptic expression, drugs might be developed that 
would reduce the progressive epileptic process, although 
they themselves might not be good antiseizure agents 
(83, 85, 109).

CONCLUSION

Although seizures dramatically raise the brain’s metabolic 
activity during the ictal event, they generally do not have 
any long-term damaging effect. However, data from ani-
mal models of status epilepticus and supraphysiological 
stimulation of specific excitatory pathways indicate that 
neuronal injury in sensitive areas such as the hippocam-
pus can occur through a glutamate-mediated excitotoxic 
mechanism. Although children appear to be less affected 
by this mechanism than adults, recent experiments in ani-
mals suggest that the effects of prolonged seizures may be 
more injurious than previously thought (110). Studies in 
children suggest that hippocampal sclerosis occasionally 
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may be caused by prolonged febrile status epilepticus. 
Analysis of hippocampal tissue removed at surgery from 
patients with temporal lobe epilepsy indicate that levels 
of specific neuronal glutamate and GABA receptors are 

altered, which may contribute to epileptogenicity and a 
progressive cycle of further excitotoxic injury. A better 
understanding is needed of the factors that contribute to 
epileptic excitotoxicity.

FIGURE 4-3

A speculative proposal of the mechanisms that contribute to the progressive epileptic changes observed in patients with complex
partial seizures. (A) Schematic illustration of a typical pyramidal cell from Ca1–3 hippocampal subfields. Glutamatergic input 
(open triangles) from the perforant path originates in the entorhinal cortex and synapses on distal pyramidal cell dendrites and
GABAergic interrneurons. A severe focal cerebral insult causes overactivation of EAA receptors and produces excitotoxic injury,
localized mainly to dendritic regions of the pyramidal cells. (B) The dendritic regions of surviving pyramidal cells are stunted,
and the number of functional NMDA recognition sites (solid circles) and corresponding TCP channels (solid squares) is reduced. 
Moderate loss of functional GABAA sites occurs. As a result of impaired EAA synaptic transmission, the level of pyramidal cell 
excitation is reduced, as depicted by the large arrow of the emerging axon. In response to reduced pyramidal cell excitation, a
series of compensatory synaptic alterations take place. (C) Dendritic zones regenerate, EAA neurotransmission is enhanced by 
up-regulating NMDA recognition sites, and the level of functional inhibition is reduced by down-regulating GABAA sites. These 
changes in turn would compensate for the reduced pyramid cell excitation that results from cerebral injury by increasing excitatory 
tone. However, these compensatory changes could produced enhanced susceptibility to seizure and seizure-related excitotoxicity 
by lowering the seizure threshold. The compensatory epileptogenic events lead to a cycle of repeated seizures and injury.
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Neuropathologic
Substrates of Epilepsy

INTRODUCTION

The purpose of this chapter will be to review selected 
neuropathologic substrates of intractable epilepsy, 
including lesions that cause seizures in infants and 
children, as well as adults. We will not consider the 
pathologic findings in (usually low-grade) neoplasms 
that are especially common as a cause of intractable 
epilepsy.

PATHOLOGY OF TEMPORAL LOBE EPILEPSY

Temporal lobe epilepsy (TLE) is the most common form of 
epilepsy across all age groups, and hippocampal sclerosis 
is the most consistent pathology in this disorder. Although 
TLE is often diagnosed in adolescence or adulthood, the 
processes leading to epilepsy may have begun earlier and, 
in many cases, during childhood. In this context, we will 
consider the patterns of neuronal loss, as well as preserva-
tion, in hippocampal sclerosis; evidence for plasticity of 
remaining neurons, including the reorganization of their 
axons and synaptic connections; and a disorganization 
of the granule cells of the dentate gyrus that could be 
related to alterations in basic developmental programs 
for neuronal migration.

Carolyn R. Houser
Harry V. Vinters

Neuronal Loss and Resultant Circuitry

Hippocampal sclerosis is characterized by a well-recognized 
and intriguing pattern of neuronal loss. This typically 
includes extensive loss of neurons in three major regions of 
the hippocampal formation—the hilus or polymorph layer 
of the dentate gyrus, CA3 and CA1 (1–3) (Figure 5-1). In 
contrast, granule cells of the dentate gyrus and neurons of 
CA2 and the subiculum are comparatively well preserved 
(Figure 5-1), even though some cell loss often occurs in 
these regions also. The cell loss is accompanied by gliosis, 
and the combined changes lead to a smaller than normal 
hippocampus (Figure 5-1A, B).

Despite extensive neuronal loss, a functional circuit 
through the hippocampal formation is likely to remain. 
Even in the neuron-depleted CA1 and CA3 fields, some 
neurons are frequently present, either locally, within 
a hippocampal slice, or at different anterior-posterior 
levels of the hippocampus. It is presumed that such 
neurons continue to form a functional hippocampal 
circuit. Importantly, major input and output regions 
of the hippocampal formation, the dentate gran-
ule cells and subicular neurons, respectively, remain 
relatively intact. However, the normal inputs to both 
regions are often severely reduced as a result of cell 
loss in other hippocampal regions. Loss of both inhibi-
tory gamma-aminobutyric acid (GABA) neurons and 
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the normal input to the subiculum. Yet the subiculum 
remains active and constitutes a major output of the hip-
pocampal formation. Activity from the subiculum can 
be propagated to the entorhinal cortex and from there 
to widespread regions of the brain as well as back to 
the dentate gyrus in a reentrant excitatory path. Thus, 
despite neuronal loss, a hippocampal circuit persists, 
and alterations of this remaining basic circuit are likely 
to form the morphological substrates for the excessive, 
hypersynchronous activity of epilepsy.

Reorganization of Remaining Neurons

Axonal Reorganization as a Basic Feature of TLE 
Pathology. Although, for many years, the focus of path-
ological studies of TLE has been on neuronal loss, it has 
become increasingly clear that remaining neurons and 
their connections are a critical part of the “pathology of 
epilepsy.” When the initial cell loss occurs in childhood, 
remaining neurons are present during a period when 
the nervous system has the capacity for the greatest 
developmental plasticity. In particular, processes such as 
axonal growth and synaptogenesis could be stimulated. 
Indeed, numerous studies now suggest that reorganiza-
tion of the synaptic connections of remaining neurons is 
a central feature of the morphological changes in TLE. 
This axonal reorganization appears to occur in both 
principal cells (granule cells of the dentate gyrus and 
pyramidal cells of the hippocampus) and GABAergic 
interneurons.

Reorganization of Principal Cells. The reorganization 
or sprouting of mossy fibers that originate from dentate 
granule cells is one of the most striking alterations in 
the hippocampus of humans with TLE. Since the early 
descriptions of mossy fiber sprouting in human epilepsy 
(6–8), numerous studies have confirmed the findings in 
a very high percentage of cases (e.g., 9, 10).

The mossy fibers and their axon collaterals nor-
mally innervate neurons in the hilus and CA3, but in 
many patients with TLE, the mossy fibers are distrib-
uted aberrantly in the inner molecular layer, where 
they form a distinct band above the granule cell layer 
(Figure 5-2A, C). The inner molecular layer is normally 
innervated by excitatory mossy cells of the hilus, and 
these neurons are frequently lost as part of the extensive 
cell loss in the hilus. Loss of mossy cells may serve as a 
major stimulus for reorganization of mossy fibers into 
these regions because, through their loss, many of the 
normal targets of the granule cells in the hilus are miss-
ing (7). Also, synaptic sites on granule cells in the inner 
molecular layer are vacated as a result of degeneration 
of mossy cell terminals.

The reorganized mossy fibers in human TLE appear 
to develop completely and form synaptic contacts in the 
molecular layer (8, 11, 12). The time course of mossy 

FIGURE 5-1

Hippocampal formation of human temporal lobe epilepsy 
(A) and normal autopsy (B) specimens that are stained with 
cresyl violet to demonstrate neuronal cell bodies. (A) The 
epilepsy specimen exhibits hippocampal sclerosis that is 
characterized by the smaller size of the hippocampus (com-
pare to control in Panel B) and severe depletion of neurons 
in the dentate hilus (H), CA3 and CA1. Granule cells of the 
dentate gyrus (DG) and neurons in CA2 and the subciulum 
(S) are comparatively well preserved. (B) In a control speci-
men, neurons are abundant throughout the hilus (H) of the 
dentate gyrus (DG) and in the pyramidal cell layer of all 
hippocampal fields (CA3, CA2, CA1) and the subiculum (S). 
Specimens are shown at the same magnification.

excitatory mossy cells in the hilus reduces their control 
of the dentate granule cells, and such loss of neurons in 
the hilus (sometimes referred to as CA4) is one of the 
most consistent findings in TLE (1, 4, 5). Likewise, the 
severe depletion of CA1 neurons considerably reduces 
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fiber reorganization in humans cannot be determined, 
but in surgical specimens from patients with chronic epi-
lepsy, the reorganized terminals appear morphologically 
mature (12). If the mossy fiber terminals had remained in 
an immature state, they would likely resemble developing 
mossy fiber terminals in rodents, in which synaptic ves-
icles are sparse and mitochondrial profiles are few (13). 
Remarkably, in human TLE, the reorganized mossy 

fiber terminals are packed with clear synaptic vesicles 
(Figure 5-2D), presumably containing glutamate, and 
contain numerous mitochondrial profiles, suggesting 
that the terminals are functional and capable of strong, 
excitatory influences. Many of the terminal profiles in 
humans are relatively large (Figure 5-2D), with a mean 
major diameter of 2.3 µm, and this exceeds the size of 
most other axon terminals in the region (12).

FIGURE 5-2

Dynorphin labeling of mossy fibers in the human hippocampus. (A) In a human temporal lobe epilepsy (TLE) specimen, a dense 
band of labeled fibers (arrows) is present in the inner molecular layer of the dentate gyrus and indicates an aberrant distribution of 
mossy fibers from dentate granule cells (G). Normally, such mossy fibers are restricted to the dentate hilus (H) and CA3. (B) In a 
control autopsy specimen, dynorphin-labeled mossy fibers are concentrated around neurons in the hilus (H) and are not present 
in the granule cell (G) and molecular (M) layers. (C) In a TLE specimen, dynorphin-labeled mossy fibers are concentrated in the
inner molecular layer (M), and the normal labeling around cell bodies in the hilus (H) is reduced due to loss of neurons in this
region. (D) In an electron micrograph of a TLE specimen, a dynorphin-containing mossy fiber terminal (MF) in the inner molecular
layer contains numerous clear synaptic vesicles as well as several dense core vesicles. The terminal forms distinct, asymmetric
synaptic contacts (arrows) with several dendritic profiles (D). The size of the mossy fiber terminal is considerably larger than that 
of another terminal (T) in the region.
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Whether the reorganized mossy fibers form syn-
aptic contacts with inhibitory neurons or other gran-
ule cells is important for determining their function, 
and the predominant target of sprouted mossy fibers 
in animal models continues to be debated (14–16). 
However, in humans, granule cell dendrites appear to 
be the most common target, with the vast majority of 
synaptic contacts being formed with dendritic spines 
and the remainder with dendritic shafts of granule cells 
(8, 11, 12).

The morphological features of the reorganized 
mossy fiber synapses suggest that they could exert 
strong excitatory influences. The reorganized mossy 
fiber terminals in humans establish distinct, asymmetric 
synapses that are characteristic of excitatory synapses, 
and a single terminal often establishes multiple synaptic 
contacts (Figure 5-2D). The large aberrant mossy fibers 
are indented and invaginated by multiple spines (12), 
and such patterns are characteristic of the final stages of 
normal mossy fiber development in CA3, when complex 
spines are formed (13). Thus, reorganized mossy fibers 
in the human dentate gyrus appear to have progressed 
through their full development and show synaptic orga-
nization that is consistent with a powerful, aberrant, 
reexcitatory circuit among granule cells.

Reorganized mossy fibers provide the clearest exam-
ple to date of axonal reorganization and new synapse 
formation in the human central nervous system (CNS). 
However, axonal reorganization of other excitatory neu-
rons is also likely to occur in TLE. In the dentate gyrus, 
the normal projection from the supramammillary region 
to the inner molecular layer appears to have increased, as 
indicated by an expanded band of calretinin labeling (17). 
Thus growth and reorganization of extrinsic as well as 
intrinsic excitatory projections may occur in the dentate 
gyrus in TLE and contribute to enhanced excitability in 
the region.

Axonal reorganization may also occur in CA1 and 
other regions where there is partial loss of principal 
neurons. Aberrant collateral sprouting of CA1 pyrami-
dal cell axons into the pyramidal cell layer and stratum 
radiatum has been described in human TLE following 
injections of fluorescent tracers in hippocampal slices 
(18). This network reorganization could contribute to 
increased excitability and synchrony among the CA1 
neurons.

Loss and Reorganization of GABA Neurons. The gen-
eral histological view of neuronal loss and preservation 
in TLE emphasizes the principal, excitatory neurons that 
form the basic circuitry through the hippocampal forma-
tion. The fate of GABA neurons that control activity within 
the circuit has been more difficult to determine. Indeed, 
early reports appeared to be contradictory, with some stud-
ies suggesting that GABA neurons are preserved in the 

hippocampus of humans with TLE (19) and others dem-
onstrating loss of specific groups of peptide-containing 
neurons (20, 21) that are known to be subgroups of 
GABA neurons.

Current findings indicate that the changes in 
GABA neurons in human TLE are indeed complex but 
fascinating. First, different classes of GABA neurons 
appear to have different vulnerabilities, according to 
whether they innervate dendritic regions or perisomatic 
sites that include cell bodies and axon initial segments 
(5, 22). Within the dentate gyrus, neurons that termi-
nate in dendritic regions are among the most vulnerable 
to damage, and many of these neurons are labeled with 
somatostatin and neuropeptide Y (NPY). Loss of these 
neurons was demonstrated initially by de Lanerolle and 
colleagues and others (20, 23), and their loss has been 
confirmed in subsequent studies (24). Because many of 
the cell bodies of somatostatin- and NPY-containing 
neurons that innervate dentate granule cells are located 
in the hilus, the loss of hilar neurons in TLE provides 
additional support for degeneration of these groups 
of neurons, perhaps as a result of an initial precipi-
tating event (25, 26). This would be consistent with 
the extreme vulnerability of somatostatin neurons in 
animal models following status epilepticus, ischemia, 
and traumatic head injury (27–31). These hilar neurons 
normally project to the dentate molecular layer, where 
they help regulate the responses of granule cells to excit-
atory input from the entorhinal cortex, and loss of these 
GABA neurons could increase granule cell excitability 
in response to this input.

Despite the marked loss of hilar neurons, a plexus 
of somatostatin- and NPY-containing fibers can still be 
observed in the molecular layer at chronic stages of epi-
lepsy (20). Such findings have suggested that remaining 
GABA neurons, either within the hilus or other regions 
of the hippocampus, may have reorganized their axonal 
connections. This potentially reorganized plexus no lon-
ger exhibits a normal laminar pattern in the molecular 
layer and, instead, is distributed throughout the layer 
(20, 32). Despite the potential sprouting of these axons, 
their laminar distribution and associated specificity are 
altered, and thus it is unlikely that they will compensate 
fully for loss of the normal GABAergic innervation of 
the dendritic region.

In contrast to a severe loss of hilar GABA neu-
rons that innervate granule cell dendrites, those that 
innervate perisomatic regions in the dentate gyrus and 
hippocampus may be relatively well preserved (33, 34). 
Many of these neurons normally express the calcium-
binding protein parvalbumin, and several studies of 
human TLE have reported a decrease in parvalbumin 
labeling (33, 35–37). Although this could reflect a loss 
of these GABA neurons, electron microscopic stud-
ies have found that many GABAergic axon terminals 
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around the cell bodies and axon initial segments, pre-
sumed to originate from parvalbumin-containing neu-
rons, are preserved (33, 34, 37). Thus the decreased 
parvalbumin labeling has been interpreted by some 
investigators as a decrease in parvalbumin content in 
persisting interneurons (34). In regions such as the den-
tate gyrus, the number of terminals and complexity of 
the innervation around the cell bodies and along the 
axon initial segments are even increased (33, 38). Such 
alterations have again suggested sprouting of remaining 
GABA neurons.

While such changes could be viewed as compen-
satory, Maglóczky and Freund have suggested that 
the maintained or increased GABAergic innervation 
on the cell bodies and axon initial segments of projec-
tion neurons could contribute to enhanced, abnormal 
synchronization of neuronal firing (22). This is consis-
tent with current views of GABAergic function, in which 
GABAergic innervation at perisomatic locations is con-
sidered to be critical for the normal synchronization of 
ensembles of principal cells (39).

The complexity of changes in GABAergic inner-
vation in TLE has been emphasized in detailed studies 
of axo-axonic cells by deFelipe (37) and others (38). 
Despite what appeared to be a general preservation of 
perisomatic GABAergic innervation in human TLE, a 
loss of GABAergic terminals along the axon initial seg-
ments of some granule cells was identified (38). When 
a loss was observed, it was often extreme and could 
be sufficient to severely decrease inhibitory influences 
at the axon initial segment, which strongly influences 
the final output of the projection neurons (38). These 
findings suggest that loss of even a small number of 
GABA neurons could severely deplete the GABAergic 
innervation at critical locations on remaining princi-
pal cells, and such projection neurons could feasibly 
become sites of seizure initiation.

Calbindin-containing interneurons are an addi-
tional group of GABA neurons that may be preserved in 
several regions of the hippocampal formation (17, 35). 
However, these persisting neurons undergo numerous 
morphological changes that include increased numbers 
of spines and increased GABAergic innervation (40, 41). 
Increased inhibitory control of inhibitory interneurons 
could potentially limit their output and lead to decreased 
inhibitory control of the principal cells.

Finally, although no loss of GABA neurons and 
their terminals has been observed in the subiculum 
(38), functional alterations in GABAergic signaling 
have recently been described in this region. In a sub-
group of pyramidal cells of the subiculum of human 
TLE specimens, GABA had unexpected depolariz-
ing actions, and the resultant activity contributed to 
rhythmic interictal discharges (42). These responses are 
reminiscent of GABA-mediated excitation that occurs 

during early development and is related to late expres-
sion of the potassium-chloride cotransporter (KCC2) 
that normally extrudes Cl– from the cell (43). Further 
studies have demonstrated both down-regulation of 
the KCC2 transporter mRNA and up-regulation of the 
Na�-K�-2Cl� (NKCC1) transporter mRNA, a trans-
porter that facilitates accumulation of Cl� within neu-
rons, in the subiculum in human TLE (44). Interestingly, 
similar changes were not found in the hippocampus or 
temporal neocortex. A functional reversion of some 
neurons in TLE to earlier developmental stages, when 
GABA has excitatory actions, could substantially alter 
GABAergic influences and possibly contribute to seizure 
activity (45–47).

Current findings thus suggest that GABA neurons 
and their function can be altered in multiple ways in TLE. 
Clearly some groups of GABA neurons are vulnerable to 
damage, and their loss could reduce GABAergic control 
of principal cells at dendritic sites, where they receive 
their major excitatory input. In contrast, many GABA 
neurons remain viable, may exhibit substantial axonal 
reorganization, and could contribute to enhanced neuro-
nal synchronization. Finally, some remaining GABA neu-
rons could exert excitatory influences in specific regions 
of the hippocampal formation.

Reorganization of the axons and synaptic con-
nections of both principal cells and GABAergic inter-
neurons now appears to be a central component of 
hippocampal pathology in TLE. Interestingly, the 
sprouting of excitatory neurons, as well as inhibitory 
neurons that innervate perisomatic sites, could contrib-
ute to enhanced synchrony of the projection neurons 
of the circuit, although through different mechanisms 
(22, 48). Determining the “rules” that govern such reor-
ganization and its time course is critical for developing 
interventions that could limit the formation and matu-
ration of aberrant synaptic connections that are likely 
to contribute to seizure activity.

Granule Cell Disorganization

Altered Patterns of Dentate Granule Cells. In many 
patients with TLE and hippocampal sclerosis, the granule 
cells of the dentate gyrus are one of the most persistent 
groups of neurons. However, in a subpopulation of these 
patients, the granule cells have a disorganized appear-
ance that contrasts sharply with the compact, relatively 
narrow band of granule cells in the normal hippocam-
pus (Figure 5-3A). The most common altered pattern 
has been described as granule cell dispersion (49) and is 
characterized by a wider than normal granule cell layer, 
increased space between many of the granule cells, and 
poorly defined laminar borders (Figure 5-3B). The granule 
cells are often aligned in vertical rows that extend into the 
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molecular layer to varying extents and create an irregular 
outer border of the granule cell layer (Figure 5-4A). The 
vertical alignment of dispersed granule cells and their 
elongated appearance are remarkably similar to those 
of developing neurons as they migrate along radial glia 
(49) (Figure 5-4A). Recent studies have demonstrated 
a close approximation between dispersed granule cells 
and radial glia fibers and found that the length of the 
glial fibers increased with the severity of granule cell 
dispersion (50).

In several series of TLE patients, granule cell disper-
sion has been found in approximately 40% of TLE cases 
(9, 10, 51, 52). Thus, this alteration is not an essential 
feature of hippocampal sclerosis. However, it is of interest 
because it suggests alterations in the normal develop-
ment of the dentate gyrus that could be associated with 

altered circuitry and contribute to abnormal function of 
the region.

A second altered pattern is a bilaminar distribution 
of granule cells in which two layers of granule cells are 
separated by a clear region that is relatively devoid of 
neuronal cell bodies (49, 53) (Figure 5-3C) . The bilami-
nar pattern is observed less frequently than generalized 
dispersion and has been found in approximately 10% of 
TLE cases (10). Within dispersed and bilaminar regions, 
granule cells are numerous, and the laminar alterations 
do not appear to result primarily from granule cell loss. 
However, distinct regions of granule cell loss can some-
times be found in the granule cell layer (Figure 5-3C).

Possible Mechanisms of Granule Cell Dispersion. The 
basic mechanisms responsible for granule cell dispersion in 

FIGURE 5-3

Granule cell organization in the human hippocampus of control autopsy (A) and temporal lobe epilepsy (TLE) (B, C) specimens 
as demonstrated by NeuN immunolabling. (A) In control tissue, the granule cells of the dentate gyrus are closely approximated 
and form a relatively narrow, compact granule cell layer (G). (B) In a TLE specimen, granule cells (G) are dispersed, creating a
widened layer with uneven borders. Granule cell somata are more widely separated than normal, particularly in the outer part 
of the layer. (C) In another TLE specimen, the granule cells (G) form a bilaminar pattern with a relatively cell-free zone between
the two layers of neurons. Severe loss of neurons is evident in the hilus (H), CA3 and CA1.
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human TLE have not been determined, but recent studies 
of human tissue and various animal models have suggested 
several interesting possibilities. Two general hypotheses are 
being explored. The first is that the alterations reflect an 
intrinsic, developmental migration disorder. The second is 
that the altered positioning of the granule cells is acquired as 
a result of an initial precipitating event such as severe febrile 
convulsions, status epilepticus, or, possibly, repeated seizure 
activity. Support can be found for both hypotheses.

The presence of granule cell dispersion has generally 
been restricted to patients with TLE and has seldom been 

reported in autopsies of neurologically normal individu-
als or those with other neurological disorders. However, 
Harding and Thom (54) recently described bilateral gran-
ule cell dispersion in autopsy studies of three pediatric 
cases. In one case, the child presented with a severe seizure 
disorder, and bilateral hippocampal sclerosis accompa-
nied the granule cell disorganization. In two other cases, 
no seizures were documented, and the remainder of the 
hippocampal formation appeared intact. In all three 
cases, heterotopias or polymicrogyria were also present. 
The presence of bilateral granule cell dispersion and other 

FIGURE 5-4

Granule cell organization in human temporal lobe epilepsy (TLE). (A) In a TLE specimen with granule cell dispersion, many 
of the NeuN-labeled granule cells have elongated cell bodies (examples at arrows) with vertically oriented processes and often 
appear to be aligned in columns. Numerous granule cells extend beyond the granule cell layer (G) into the molecular layer (M). 
Dispersed neurons are also evident in the hilus (H). (B) In a TLE specimen, neurons are identified specifically as granule cells
by immunolabeling for Prox1 in their nuclei. Numerous labeled granule cells are evident in the molecular layer (M) as well as 
in the granule cell layer (G). Some ectopic granule cells (examples at arrows) are also present in the hilus (H). (C) In another
TLE specimen, Prox1-labeled neurons in the granule cell layer (G) form a normal, compact layer. However, ectopic granule cells 
(examples at arrows) are concentrated near a blood vessel (BV) in the hilus (H).
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migrational defects suggested that granule cell dispersion 
could be an independent developmental disorder in at 
least a small subgroup of cases (54).

Disorganization of dentate granule cells has also 
been observed in several mouse models with genetic 
mutations, and these include the Reeler mouse, which 
lacks the reelin protein, and the p35-deficient mouse. 
However, some differences exist between the patterns 
of neuronal lamination in human TLE and those in the 
mutant mice. In genetic models with altered neuronal 
migration, multiple groups of cortical and hippocampal 
neurons are often affected. Yet, in most TLE cases with 
granule cell dispersion, other regions of the hippocam-
pal formation do not show noticeable laminar disrup-
tion (Figure 5-3C). In addition, granule cell dispersion in 
human TLE is frequently accompanied by severe cell loss 
in other regions of the hippocampus, and similar patterns 
of cell loss are not found in the mutant mice.

The association between granule cell dispersion and 
neuronal loss suggests that either an initial precipitating 
event or recurrent seizures could have influenced the posi-
tions of the granule cells. In several studies of human TLE, 
a strong association has been found between neuronal 
loss in the hilar (polymorph) region and the presence 
of granule cell dispersion (49, 52, 55). Similarly, in a 
recent study of a large number of TLE cases, Thom and 
colleagues found that granule cell dispersion correlated 
more closely with the extent of neuronal loss throughout 
the hippocampal formation than with any other variables 
examined (10).

This relationship, when viewed in conjunction with 
findings from mutant mice with altered granule cell lami-
nation, suggests that the initial precipitating event could 
have produced specific cellular and molecular changes 
that, in turn, cause the altered patterns of granule cells. 
Several potential candidate molecules have recently been 
identified.

Reelin is an extracellular matrix protein that is 
important for the proper lamination of the cerebral 
cortex and hippocampus, and loss of reelin, as occurs 
in the Reeler mutant mouse, leads to a severely dis-
ordered cortex and hippocampus, including nearly 
complete loss of a compact granule cell layer (56, 57). 
In the hippocampus, reelin is synthesized and secreted 
by Cajal-Retzius cells, which are located in the outer 
molecular layer of the dentate gyrus and are particularly 
prominent during development (58, 59).

Recent studies by Frotscher and colleagues have 
found that reelin mRNA expression in Cajal-Retzius 
neurons of the dentate gyrus is reduced in some patients 
with TLE (60). Furthermore, the amount of loss of reelin 
mRNA-labeled cells was correlated with the extent of 
granule cell dispersion into the molecular layer. These 
findings are consistent with suggestions that reelin may 
be providing positional clues for migrating granule cells 

or controlling their detachment from radial glia and that, 
following loss of reelin, a compact granule cell layer can-
not be established or maintained (50, 60).

The association between neuronal loss and granule 
cell dispersion suggests further that excitotoxic damage 
that produces cell loss in the hilus and other regions of 
the hippocampus could also cause loss of Cajal-Retzius 
cells and thus reelin. Findings that Cajal-Retzius neurons 
in rodents are sensitive to damage by glutamate agonists 
are consistent with this idea (59). While some investiga-
tors have found a loss of putative Cajal-Retzius cells (17), 
others have described a preservation or increase in these 
neurons, as identified by calretinin labeling, in human 
TLE (10, 61). Methodological differences may account 
for some of the discrepancies, or it could be that reelin 
expression is decreased within persisting neurons.

Granule cell positioning could also be influenced by 
brain-derived neurotrophic factor (BDNF). In a mouse 
model of TLE that is produced by the intrahippocampal 
injection of kainate, granule cells become severely dis-
persed and enlarged (62). In this model, levels of BDNF 
are significantly elevated and could have stimulated 
migration of the granule cells as well as their increased 
size (63, 64). Injection of BDNF into the hilus in rodents 
also leads to increased numbers of ectopic granule cells 
in the region, possibly due to aberrant migration from 
the subgranular layer (65). Interestingly, increased BDNF 
mRNA and protein levels also have been found in humans 
with TLE (66, 67).

The p35 signaling pathway, involved in neuron-
specific activation of cyclin-dependent kinase 5 (Cdk5), 
could also be involved in granule cell dispersion and 
mossy fiber sprouting. In p35-deficient mice, lamination 
of the dentate gyrus is altered, and the distribution of 
granule cells closely resembles that of granule cell dis-
persion in TLE patients (68). Furthermore, these mice 
demonstrated spontaneous seizures (69).

Altered migration of granule cells along radial glia 
or failure of the neurons to leave the scaffold could be 
a common mechanism underlying granule cell disper-
sion, through either the reelin or p35 signaling pathway 
(50, 70). Similarly, immature astrocytes and increased 
expression of several neural cell adhesion, and related, 
molecules could contribute to the altered cellular archi-
tecture of the dentate gyrus in TLE (71–73).

Finally, evidence for the development of granule cell 
dispersion following an initial insult, rather than from 
an intrinsic developmental abnormality, has come from 
a study of the effects of limbic-like seizures in normal 
immature monkeys (74). Following a unilateral infusion 
of bicuculline in the entorhinal cortex and the production 
of limbic-like seizures, histological changes that resem-
bled hippocampal sclerosis developed, and these included 
granule cell dispersion, in addition to hippocampal cell 
loss and mossy fiber sprouting (74). Thus many of the 
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changes observed in humans with TLE can be produced 
by an initial episode of status epilepticus in a normal, 
immature primate brain. Although spontaneous seizures 
were not detected up to 1 year after the initial seizure 
episode in these animals (74), it seems plausible that a 
longer postseizure period (years) might be required for 
such seizures to develop.

Possible Contributions of Neurogenesis. Renewed inter-
est in neurogenesis in the dentate gyrus during postnatal 
life and evidence that this process can be stimulated by 
seizure activity (75, 76) have led to speculation about 
the possible contributions of newborn neurons to gran-
ule cell disorganization as well as mossy fiber sprouting. 
The results of recent studies to determine whether newly 
generated neurons contribute to granule cell dispersion in 
patients with TLE have differed. In some studies, immu-
nohistochemical markers of neural stem cells and pro-
genitors, as well as immature glia, have been observed in 
the dentate gyrus and in regions of dispersion (77, 78). 
In contrast, other investigators, using similar markers 
for newly generated neurons in human surgical tissue, 
have found no evidence for such neurons in regions of 
dispersion (50) and have concluded that displacement of 
mature neurons, rather than newly generated neurons, 
leads to granule cell dispersion in the epileptic hippo-
campus (50, 79).

The human studies cannot, however, rule out the 
possibility that increased neurogenesis at earlier times 
might have contributed to the altered distribution of 
dentate granule cells. The finding that the number of 
neurons within regions of dispersion is often greater than 
that in regions without dispersion is consistent with a 
contribution of seizure-stimulated neurogenesis to these 
regions (77). Likewise, in the pilocarpine model of recur-
rent seizures, some adult-generated granule cells have 
been identified in ectopic locations in the molecular layer 
as well as in the hilus (80). Also, in this model, newly 
generated granule cells in the subgranular zone disperse 
more rapidly than normal into outer parts of the granule 
cell layer, but further movement into the molecular layer 
was not detected (81).

Although observed less frequently than granule cell 
dispersion in human TLE, clusters of granule cells in the 
hilus (Figure 5-4C) are consistent with generation of new 
neurons in a region that is a secondary germinal zone for 
granule cells during normal development (82). These and 
other dispersed neurons have been conclusively identi-
fied as granule cells by immunohistochemical labeling of 
Prox1, a homeobox gene that is specific for differentiated 
granule cells in the dentate gyrus (Figure 5-4B, C) (80). 
Interestingly, when aberrant clusters of granule cells are 
found in the hilus in human TLE, they are often located 
immediately adjacent to blood vessels (Figure 5-4C), and 
thus these regions have similarities to the vascular niche 

that has been described in the dentate subgranular zone 
of rodents and is considered to be a key site for adult 
neurogenesis (83). More diffusely distributed granule 
cells in the hilus also could be generated locally or could 
migrate into the hilus after being generated in the sub-
granular zone (80).

When considering neurogenesis as well as other 
types of morphological plasticity in TLE, a distinction 
between changes that occur at the time of an initial pre-
cipitating event and those that may occur as a result of 
later, spontaneous seizures could be particularly impor-
tant. The initial event, such as a severe, prolonged sei-
zure, is likely to stimulate neurogenesis acutely, as has 
been demonstrated in several animal models (76, 84, 85). 
Although the extent of neurogenesis in humans appears 
to be considerably less than that in rodents (86), any 
increased production of granule cells could be significant. 
The newly generated neurons may then require a period 
of time to mature and become completely integrated 
into the hippocampal circuitry, that is, several months 
in rodents (87, 88) and perhaps longer in humans. Events 
during this period could be of considerable importance 
for the functional integration of the newborn neurons 
(89) and could determine whether granule cells reach 
normal or abnormal positions, form proper or aberrant 
connections, and thus compensate for or contribute to 
an epileptic state.

The effects of spontaneous seizures might differ 
from those of the acute events. Indeed, several studies 
have suggested a reduction of neurogenesis in the chronic 
pilocarpine and intrahippocampal kainate models of 
recurrent seizures (79, 90, 91), as well as in human pedi-
atric patients with frequent extratemporal seizures (92). 
Nevertheless, ongoing spontaneous seizures could pro-
mote additional changes such as increased production of 
growth and trophic factors that could continue to influ-
ence neuronal migration and circuitry, leading to ectopic 
positioning of granule cells and the stimulation of axonal 
sprouting and new synapse formation.

NEOCORTICAL LESIONS ASSOCIATED 
WITH SEIZURES

Structural lesions (aside from TLE, see previous discus-
sion) associated with epilepsy can be grouped into the 
following categories: (a) malformative, (b) neoplastic, 
(c) familial metabolic, (d) vascular/traumatic, and 
(e) infectious/inflammatory (93, 94). Investigators have 
suggested that some of these pathologic processes may 
overlap in epilepsy patients (95, 96) and “dual pathol-
ogy” (e.g., a cortical resection specimen showing fea-
tures of both a malformative and destructive lesion) is 
occasionally encountered (97). Some causal lesions—as 
with TLE, see previous discussion—are amenable to 
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definitive surgical treatment (e.g., low grade neo-
plasms, malformations of cortical development). This 
section will focus on developmental malformations 
and destructive or inflammatory lesions of the neocor-
tex that account for the majority of structural lesions 
seen in infants and children with intractable epilepsy, 
especially those with infantile spasms (IS). More subtle 
malformations are also recognized with increasing fre-
quency in adults with epilepsy; on rare occasions, severe 
dysplastic lesions may, for unknown reasons, present to 
a neurologist or epileptologist in adulthood.

MALFORMATIONS OF CORTICAL 
DEVELOPMENT

Malformations of cortical development (MCDs) have 
usually been considered to represent disorders of neuro-
nal migration (or vascular formation) and have variously 
been classified with regard to morphology or putative 
etiology (98–100). The classification of these lesions is 
increasingly being modified by (1) the availability of 
high-resolution multimodality neuroimaging techniques 
that can be used to predict pathologic abnormalities in a 
given patient (101–103), and (2) molecular genetic clues 
to pathogenesis, based upon techniques such as gene 
expression profiling following laser capture microdis-
section of surgical specimens (104). The genetic basis 
of some types of lissencephaly (e.g., Miller-Dieker syn-
drome, obviously not a surgically treatable lesion) is now 
well understood (104, 105). They can be categorized 
as follows: (a) cortical dysplasia (CD), which accounts 
for the majority of malformations associated with pedi-
atric epilepsy and encompasses the full spectrum of 
neuronal migration disorders (NMDs), ranging from 
the most subtle to the most severe; (b) CNS structural 
lesions associated with tuberous sclerosis complex (TSC); 
(c) Sturge-Weber-Dimitri syndrome (SWDS), or encepha-
lotrigeminal angiomatosis; (d) neurofibromatosis type II, 
which may be associated with meningio-angiomatosis; 
and (e) vascular malformations.

Clinicopathologic Considerations

Seizure disorders have traditionally been subdivided 
into syndromes based on clinical presentation and elec-
troencephalographic (EEG) findings. However, there is 
often a marked discrepancy between the clinical phe-
nomenology of a seizure disorder and its neuropatho-
logic substrate(s). Infantile spasms (IS; West syndrome) 
and Lennox-Gastaut syndrome can be seen with a wide 
range of cerebral lesions (106–108). The clinical form of 
epilepsy seen in a given patient appears to depend more 
on when during cerebral development the lesion occurred 
than on the specific type or topographic distribution of 

lesions (106, 109). It has been suggested that the CNS 
lesions associated with IS can be functionally categorized 
into three groups: (a) diffuse, (b) focal or multifocal cere-
bral lesions, and (c) cases with minimal neuropathologic 
change (108). Diffuse hemispheric lesions include hemi-
megalencephaly (HME), agyria/pachygyria-lissencephaly, 
and Aicardi syndrome (110). Focal and multifocal lesions 
include CD/MCD and destructive lesions (vascular and 
infectious), as well as cortical tubers seen in patients 
with TSC.

MCDs can be viewed as a spectrum of CD result-
ing from derangement of the normal process of cor-
tical development (111–115). This spectrum consists 
of a range of morphologic features associated with 
multiple putative etiologic factors, including genetic 
and environmental (e.g., destructive) influences. CD 
encompasses a broad range of neocortical malforma-
tions, ranging from the most subtle (“microdysgen-
esis”) to the most severe (HME), and includes such 
conditions as agyria/pachygyria-lissencephaly, poly-
microgyria (PMG), and focal CD. The resultant neu-
ropathologic features may reflect abnormalities that 
probably occur within well-defined time windows dur-
ing brain development. Clinically there is an inverse 
correlation between the size and severity of CD and the 
age at clinical presentation (102, 111), supporting the 
notion that there is a predominance of pathologically 
severe CD in neonates and infants with seizures, includ-
ing those with IS (116). Although CD accounts for the 
majority of malformations associated with pediatric 
epilepsy, other malformative lesions are also capable 
of producing these epilepsy syndromes, and they fre-
quently show neuropathologic changes that overlap sig-
nificantly with those seen in patients with CD. Jellinger 
(106) has noted that the clinical severity of a given 
seizure disorder appears to be more closely related to 
the timing of the insult (whether genetic or environ-
mental) and its effect on the processes of development 
than to the nature of the lesion itself. This may explain 
some of the heterogeneity of neuropathologic lesions 
seen in children with epilepsy, as the clinical phenotype 
results not only from the lesion or putative “insult” to 
the developing CNS but also from the developmental 
processes it subsequently affects.

A puzzling feature noted in pediatric epilepsy is the 
finding in cases of IS of diffuse and transient suppression 
of cortical activity in the presence of focal or multifocal
lesions (108). This diffuse cortical suppression has not 
been linked to particular distributions or types of neuro-
pathologic change. Rather, some have suggested that this 
feature of IS is associated with neocortical immaturity.
The pattern of evolution of IS from transient and diffuse 
suppression of cortical discharge to ultimately focal or 
generalized seizures may represent a maturation of the 
malformed cortex (108).
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Nosologic Considerations

Understanding of the full clinicopathologic spectrum 
of CD is currently evolving and reflects a progres-
sive elucidation of the basis of these complex lesions 
(109–125). Cortical malformations have historically 
been described largely by their gross characteristics (i.e., 
agyria/pachygyria-lissencephaly, HME, microgyria). As 
investigators discovered the range of microscopic corti-
cal malformations that produce epilepsy but show no (or 
relatively mild) gross abnormalities, additional terms such 
as microdysgenesis (109, 117, 118), dysplastic cortical 
architecture (not otherwise specified) (119), focal cortical 
dysplasia (FCD) (120, 121), and generalized or diffuse 
cortical dysplasia (122, 123, 124a) came into use. The 
nomenclature of CD has evolved through several schema 
of classification, each intended to provide correlations 
with morphology of seizures or to reflect etiologic mecha-
nisms (98, 99, 111) The term FCD was initially used to 
specify lesions in which cytomegalic neurons were present 
(121), although its frequent use to describe a localized 
region of CD renders the term slightly ambiguous. Some 
investigators prefer to use a traditional classification of 
migrational disorders into four main groups: (a) agyria/
pachygyria-lissencephaly, (b) microgyria-polymicrogyria, 
(c) dysplastic cortical architecture, and (d) heterotopias 
(119). Others, to denote the belief that these lesions are 
related and reflect developmental abnormalities along 
a continuous spectrum, have chosen to refer to them as 
neuronal migration disorders (NMDs) (98, 113, 114) 
or cerebral or synaptic dysgenesis (124, 125). A recent 
consensus conference resulted in a proposal to subclas-
sify CD or grade its severity (in surgical resection speci-
mens) using simple morphologic criteria identifiable by 
any experienced neuropathologist, for example, presence 
or absence of cortical disorganization, enlarged or dys-
morphic neuronal cell bodies, and “balloon cells” (see 
following) (126).

Development of the Neocortex

The neuropathologic changes seen in infants and children 
with epilepsy frequently represent the end result(s) of 
insults to a rapidly developing brain. Several reviews have 
summarized the historical evolution in our understanding 
of the immensely complex molecular and neurobiologic 
processes that occur to create a normally functioning 
cerebral cortex (127–131). Neocortical development after 
neural tube formation can be roughly considered to be 
the end result of a series of overlapping processes: (a) cell 
proliferation in the ventricular and subventricular zones 
(VZ/SVZ), (b) early differentiation of neuroblasts and glio-
blasts, (c) programmed cell death of neuronal precursors 
and neurons, (d) migration of neuroblasts (both radially 
from the VZ/SVZ and tangentially) to form the mature 

cortical plate, (e) late neuronal migration, (f) organiza-
tion and maturation of the cortex, and (g) synaptogen-
esis/synaptic pruning (98, 110, 119, 132). A discussion 
of how derangement of these processes contributes to CD 
is beyond the scope of this review, but can be found else-
where (133). Most developmental disorders of the brain 
associated with epilepsy are thought to originate from the 
perturbation of developmental events after the embryonic 
period, that is, after 6 weeks’ gestation, when cell prolif-
eration starts along the wall of the neural tube. This gen-
erates a group of “matrix cells” (134), or precursor cells 
for all neuroblasts and glioblasts, forming the VZ/SVZ 
in the pallium, as well as the ganglionic eminence in the 
subpallium. Programmed cell death (PCD, apoptosis) is 
also an essential mechanism in normal brain development, 
determining the cellular constituents of the CNS. In normal 
brain development, there is a 25% to 50% overproduction 
of neuroblasts, many of which will undergo physiologic 
PCD (125). Synapse elimination is intimately intertwined 
with the remodeling of cortical connections and is a highly 
dynamic process (135), demonstrated both in vivo and in 
vitro (136).

As the neocortex develops, the marginal zone, future 
molecular layer or cortical layer I, is composed largely of 
Cajal-Retzius cells. As previously discussed, they secrete the 
extracellular glycoprotein reelin, required for the normal 
inside-out positioning of neurons as they migrate from the 
ventricular zone along radial glia. Human Cajal-Retzius 
cells, characterized by the combined expression of reelin 
and p73, are transient cells, present from the preplate stage 
at 8 weeks’ gestation, and gradually increase in number 
(by tangential migration) until they disappear by the end 
of gestation (137, 138, 138a). In mice carrying mutations 
in RELN (Reeler mice) and in disabled-1 (Dab1), as well 
as in mice carrying double mutations of both very low-
density lipoprotein receptor (VLDLR) and apolipopro-
tein E receptor 2 (ApoER2), normal neuroblast migration 
with an inside-out fashion is inverted (139). This suggests 
a role for these genes in the control of cell positioning in 
the developing CNS and predicts a pattern of cytoarchitec-
tural alteration in patients carrying alterations in the reelin/
lipoprotein receptor/Dab1 pathway, as well as RELN muta-
tions causing lissencephaly (140). LIS1 also appears to have 
important effects on neuronal migration, and significant 
interactions with Cajal-Retzius cells (141). The superficial 
or subpial granular layer (SGL) is a transient cell layer; it 
appears beneath the pial surface between 13 and 24 weeks’ 
gestation (93, 142). Cells in the SGL originate from the 
basal periolfactory subventricular zone (142–144) and 
migrate tangentially beneath the pia to cover the neocorti-
cal marginal zone. Cells in this layer express interneuron 
markers such as calretinin, calbindin, and GABA (145). The 
biological significance of the SGL, however, remains to be 
elucidated. PCD may, at least in part, contribute to its elimi-
nation (146). The human subplate contains large multipolar 



I • BASIC MECHANISMS86

neurons. These neurons in the developing cerebrum, though 
they are transient and most disappear in early postnatal life, 
are thought to be important in organizing cortical connec-
tions in the developing cerebrum and are thought to act as 
pioneer corticofugal axons (147–150).

Neuropathologic Significance of 
Cortical Dysplasia

The Pediatric Epilepsy Surgery program at UCLA Center 
for the Health Sciences, active for over 20 years, has 
enabled us to examine more than 500 surgically resected 
specimens from infants and children with intractable sei-
zures, including a spectrum from partial lobectomies to 
complete and partial (functional) hemispherectomies. The 
most common morphologic substrate was CD, this being 
of etiologic importance as a cause of intractable pediat-
ric seizures in more than 80% of children younger than 
3 years of age. The extent of CD neuropathology can 
often be predicted by high-resolution neuroimaging stud-
ies. Such neuroimaging allows for stratification of CD 
cases into those that show hemimegalencephaly (HME), 
with diffuse enlargement of the gray and white matter, 
including thickening of the cortical ribbon, within an 
entire cerebral hemisphere; hemispheric CD, with multi-
focal CD affecting one cerebral hemisphere (though not 
causing enlargement of that hemisphere); or multilobar, 
lobar, or focal CD, the latter affecting as few as one gyrus 
or two adjacent gyri. The magnetic resonance imaging 
(MRI) findings of HME include an enlarged cerebral 
hemisphere and markedly thickened gyri, with loss of 
sulcation, deformity, and enlargement of the ipsilateral 
ventricle. Palmini type IIB CD is also easily identified by 
MRI, with focal thickness of the gyrus (gyri) and asso-
ciated hyperintense T2-weighted signal changes in the 
adjacent white matter. It is as yet difficult to visualize 
Palmini type I CD by MRI; however, combining this with 
other modalities, such as positron emission tomography 
(PET) and magnetic source imaging (MSI), it is likely that 
the detectability of this lesion will increase.

In resection specimens from such patients, macro-
scopic heterotopia and polymicrogyria (PMG) are occa-
sionally seen. Loss of the normal cortex–white matter 
junction, best appreciated with a Klüver-Barrera or other 
myelin stain, is a frequent accompaniment and excellent 
predictor of severe microscopic CD. Many specimens, 
however, exhibit no striking gross cortical abnormalities 
even when severe microscopic lesions are present. CD can 
be further characterized with regard to specific and easily 
identifiable microscopic abnormalities, including corti-
cal laminar disorganization, frequent single heterotopic 
white matter neurons, excess neurons in the neocorti-
cal molecular layer, marginal glioneuronal heterotopia, 
white matter neuronal heterotopia, neuronal cytomegaly 
with or without associated dysmorphic features of the 

cytoplasm (the latter often accompanied by cytoskel-
etal abnormalities and balloon cell change) (111). These 
microscopic features can be used as the basis for a grading 
system for CD, for example, one presented recently by 
Palmini et al (126).

Cortical laminar disorganization is a defining histo-
pathologic feature of CD. As neocortical architecture is 
the end result of the developmental processes of prolif-
eration of neuronal precursors, migration, terminal dif-
ferentiation, PCD, and cortical remodeling, abnormalities 
in any of these processes may result in abnormal cortical 
architecture. Cortical disorganization (as well as cytologic 
abnormalities in individual neurons) can be highlighted 
using immunohistochemistry that incorporates primary 
antibodies to neurofilament epitopes (104). Although 
many neurons still reside in the intermediate zone/white 
matter in the last trimester of pregnancy and even into 
postnatal life (151, 152), the phenomenon of single het-
erotopic neurons in the white matter is accentuated in 
CD (109). It has been demonstrated in other series using 
morphometric techniques (153). It has been suggested 
that injury to the radial glial fibers leads to a “strand-
ing” of the migrating neuroblasts within the white mat-
ter, where they further differentiate into mature neurons 
(125). Alternatively, overproduction of neurons late in 
neurogenesis may lead to crowding of migrating neurons 
toward the cortical surface (154). Morphometric analysis 
has demonstrated a statistically significant increase in 
the number of neurons within the molecular layer of the 
cortex in epileptic patients (118); this is considered to 
be evidence of a slight maldevelopment of the neocor-
tex, sometimes described as microdysgenesis (108, 126). 
Persistence of the superficial granular layer (SGL) has 
been seen in association with many cortical malforma-
tions (111). Marginal glioneuronal heterotopia consists 
of excrescences of disorganized neuroglial tissue extend-
ing from the pial surface into the subarachnoid space. 
They are often found in association with persistent SGL. 
These lesions may be associated with a failure of the glia 
limitans. White matter neuronal heterotopia consists of 
disorganized masses of neurons in the white matter that 
usually occur in a periventricular position with a nodular 
morphology, although rare instances of laminar subcorti-
cal bands of heterotopic gray matter have been known to 
produce the appearance of a double cortex. These lesions 
may be associated with injury to a group of radial glia, 
leading to failure of a group of neuroblasts to migrate 
normally (125). Alternatively, a defect in genes control-
ling, neuroblast proliferation, neuroglial interactions, and 
PCD has been suggested as being causal (119).

PMG denotes small, meandering gyri, often with 
bridging of the sulci by fusion of the molecular layers. 
It consists of two histologic types. Four-layered PMG 
is most frequently considered to result from a destruc-
tive lesion occurring at approximately 20 to 24 weeks 
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of gestation, and an unlayered form is thought to result 
from an insult earlier in brain development (at approxi-
mately 13–16 weeks) (154).

Neuronal cytomegaly denotes enlarged neurons, some 
of which may also be dysmorphic (Figure 5-5); these were 
first described in association with seizure-producing focal 
cortical malformations by Taylor et al. (121). Nerve cell 
hypertrophy was convincingly shown using quantitative 
histochemistry in a case of HME (155). The differentiation 
of cytomegalic vs. dysmorphic neurons is of importance in 
assigning a Palmini grade to a given lesion. Neurons that 
show enlargement of their cell bodies only are, in associa-
tion with cortical architectural disorganization, typical of 
Palmini type IB lesions, whereas corticectomies that also 
contain dysmorphic neurons are characteristic of Palmini 
type II CD. When balloon cells are absent, the lesion is 
described as Palmini type IIA; when they are present, it 
becomes Palmini type IIB. (Palmini IIB CD corresponds to 
what has been described as Taylor-type focal cortical dys-
plasia, or T-FCD.) Dysmorphic neurons bear an extremely 
complex dendritic arborization as well as an abundance 
of perisomatic synapses and a paucity of axosomatic syn-
apses (156, 157). Increased neuronal size has been associ-
ated with an increased DNA and RNA content, as well 
as increased nuclear and nucleolar volume suggestive of 
heteroploidy (124, 158). Argyrophilic, neurofibrillary-like 
tangles and cytoplasmic vacuoles have been demonstrated 
within many such neurons (Figure 5-5) (159), as has the 
existence of paracrystalline intracytoplasmic structures 
visible on ultrastructural examination (160). These neu-
rofibrillary-like cytoplasmic inclusions differ from the neu-

rofibrillary tangles of Alzheimer’s disease in that they do 
not contain paired helical filaments (161).

Balloon cells, showing similarity to gemistocytic 
astrocytes, have eccentric nuclei and ballooned, glassy, 
or opalescent eosinophilic cytoplasm (Figure 5-6). They 
often demonstrate binucleation or dysmorphic nuclei, 
sometimes showing bridges of nucleoplasm between 
two separate islands of nuclear material within a cell. 
They may cluster at the cortex–white matter junction or 
be abundant within subcortical white matter (94, 104). 
Frequently they are admixed with dysmorphic and 
enlarged neuronal cell bodies. Ultrastructurally, they are 
packed with filaments ranging in size from 400 to 600 nm 
in length and 30 nm in thickness, interspersed with non-
membrane-bound, electron-dense, helical structures 
(162). Vinters et al. (159) and others have demonstrated 
dual staining of many cells in dysplastic cortex (includ-
ing some balloon cells) with antibodies to both neuronal 
and glial markers, implying either a failure of the cells 
to commit to a specific phenotype or dedifferentiation. 
The resemblance of balloon cells to cells found within the 
cortical tubers of TSC has suggested the possibility that 
cases of CD harboring balloon cell change may represent 
a forme fruste of TSC (104, 113, 114, 162, 163).

Pathogenesis of Cortical Dysplasia

Although it is accepted that cortical dysplasia involves 
abnormal cerebral cortical development, it is unclear 
when this occurs and how it produces seizures. Most 
MCD classification systems are based on speculating 

FIGURE 5-5

Cytologic neuronal changes in severe cortical dysplasia (CD). Panel A (stained with the Bielschowsky technique) shows many 
neurons with cytoskeletal abnormalities, and some with cytoplasmic vacuolization (circled neuron). The neuronal changes 
resemble neurofibrillary tangles (NFTs) seen in neocortex of patients with Alzheimer disease, although at the ultrastructural 
level paired helical filaments (typical of Alzheimer NFT) are not present in CD. Nissl techniques (Panel B, stained with Kluver-
Barrera) also highlight neuronal disorganization, enlargement of neuronal cell bodies (e.g., neuron in the middle), and clumping
of perinuclear Nissl together with clearing of peripheral cytoplasm.
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when the first developmental steps involving cell prolif-
eration, neuronal migration, and cortical organization 
become deranged to produce the malformed cortex. Pre-
viously, the presumed mechanisms of CD pathogenesis 
have been thought to be defects in neuronal migration, 
as one explanation for subcortical heterotopic neurons, 
and altered periventricular neuroglial differentiation to 
account for cytomegalic and dysmorphic neurons and 
balloon cells (164–166). Although such mechanisms 
appear to be operant in genetic forms of MCD, clinico-
pathologic investigations (using corticectomy specimens) 
have challenged this singular interpretation (98, 101, 102, 
167, 168).

In recent studies, the UCLA group has found evi-
dence that surgically treated CD seems to involve reten-
tion of cells of the human pre- and subplate, along with 
an overproliferation of cortical neurons. Prenatal human 

subplate cells have morphologic similarities to dysmor-
phic neurons found in postnatal CD tissue (168). Normal 
human subplate contains large multipolar neurons similar 
to cytomegalic neurons, and polymorphous and fusiform 
neurons with thick primary dendrites along with inverted 
pyramidal-shaped neurons, a feature noted in dysmorphic 
CD neurons (151). Most human subplate cells degenerate 
in the 4 to 6 weeks before birth (147, 169), which coin-
cides with increasing definition of the gray-white matter 
junction and secondary gyral folding (170). Toward the 
end of normal neurogenesis, periventricular radial glial 
cells attach themselves to the tailing processes of the last 
produced cortical pyramidal neurons and migrate toward 
the cortex, where they detach and eventually transform 
into protoplasmic astrocytes (171–173). This may explain 
why balloon cells in CD tissue have some characteristics 
similar to those of radial glia (174–176).

FIGURE 5-6

Changes of CD, Palmini type IIB. All panels are from sections stained with hematoxylin and eosin. Panel A shows marked 
neuronal disorganization. At higher magnification (Panel B) balloon cells are identified (arrow), as are dysmorphic neurons. 
Arrowheads highlight a cell with typical neuronal nucleus, but opalescent balloon-like cytoplasm, at the periphery of which 
Nissl-like substance is seen. Other neurons in this field show changes similar to those in Figure 5-5B. Panel C shows several 
balloon cells, with glassy eosinophilic cytoplasm (arrows) scattered throughout a surgical resection specimen.
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The UCLA group has proposed that CD pathogen-
esis probably involves partial failure of the later phases 
of neocortical formation. As a consequence, subplate and 
radial glial degeneration and transformation would be 
reduced or prevented, giving the appearance of abnor-
mal dysmorphic cells in postnatal CD tissue. A failure 
of late cortical maturation could explain the presence of 
abnormally thickened gyri with indistinct cortical gray-
white matter junctions in the MRI scans of CD patients 
(101). The precise timing of these events during cortical 
development would explain the different forms of CD 
identified by MRI as well as the severity of CD assessed by 
histopathology. Developmental alterations during the late 
second or early third trimester would account for severe 
CD, such as hemimegalencephaly, whereas events occur-
ring closer to birth might explain milder forms of CD. In 
addition, there appears to be an overproduction of neu-
rons in the later phases of cortical development. Cerebral 
hemispheric volumes assessed by MRI were normal or 
increased in the case of hemimegalencephaly, and cortical 
thickness was the same or slightly increased (103, 154). 
Furthermore, neuronal densities were increased in the 
upper gray matter, molecular layer, and subcortical white 
matter. The location of excess neurons would be con-
sistent with the idea that this process occurred in later 
periventricular cell cycles (i.e., ones occurring toward 
the end of neurogenesis). Thus, heterotopic subcortical 
white matter neurons are likely the result of excessive late 
generated pyramidal neurons trying to migrate toward 
the already overly crowded cortical ribbon, in combina-
tion with residual prenatal subplate neurons that failed 
to degenerate before birth.

Cortical Tubers of the Tuberous Sclerosis 
Complex (TSC)

 Tuberous sclerosis complex (TSC) is an autosomal domi-
nant, multisystem disorder in which the CNS, eyes, 
kidneys (Figure 5-7), skin, and heart are most commonly 
affected by malformative, hamartomatous, or neoplas-
tic lesions (177–182). It has an incidence of 1:9,400 to 
10,000 births (177, 178); however, accurate estimates 
are difficult to ascertain, and a high rate of spontane-
ous TSC gene mutations has been described (177, 183). 
The clinical presentation of an individual with TSC may 
be with infantile spasms, autism, or mental retardation. 
Approximately 85% of TSC patients who come to medi-
cal attention have experienced a seizure at some time. 
Because genetic analysis to confirm the diagnosis of TSC 
remains unavailable to most physicians, diagnostic crite-
ria for TSC have been enunciated (184, 185). In the 1998 
criteria, some clinical features previously thought to be 
pathognomonic for TSC were considered less specific, 
whereas clinical or radiographic features of the disease 
were subdivided into major and minor categories, based 

upon their apparent degree of specificity for TSC. Using 
these newer revised criteria, a definitive diagnosis of TSC 
was made by the confirmation of two or more distinct 
types of lesion in a patient, rather than multiple lesions 
of the same type (e.g., tubers) in the same organ system. 
Thus no single lesion defines the disease.

Neuropathology of Cortical Tubers as a Cause of 
Seizures. Individuals with TSC may rarely present with 
HME. However, the characteristic brain abnormalities of 
TSC include neocortical tubers (Figure 5-8), subependy-
mal nodules (SENs), and subependymal giant cell astro-
cytomas (SEGAs). Cortical tubers are often associated 
with IS and intractable epilepsy in children. The lesions 
manifest as enlarged gyri in which the cortex–white mat-
ter junction has become blurred, resembling sporadic, 
severe cortical dysplasia (104, 111). Histologically the 
lesions show disorganized neocortex, with a variety of 
dysmorphic, markedly enlarged neurons, and bizarre 

FIGURE 5-7

Angiomyolipoma, a tumor characteristic of TSC, is seen in the 
sectioned kidney of a patient who came to autopsy.
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gemistocytic astrocyte-like “balloon cells” having eccentric 
nuclei containing relatively coarse chromatin and glassy, 
eosinophilic cytoplasm (Figure 5-8). Balloon cells seen in 
TSC are almost identical to those seen in severe cortical 
dysplasia (CD). This observation has raised the possibil-
ity that cases of CD with balloon cell change represent a 
forme fruste of TSC (113, 114, 162, 163). Balloon cells, 
such as those in FCD, show morphological and immu-
nohistochemical features of both neurons and astrocytes, 
suggesting a failure of commitment in neuroglial differen-
tiation. Tubers may show prominent calcification. Giant 
cells within TSC tubers show halos of synaptophysin 

immunoreactivity around neurons, resembling those 
noted in gangliogliomas, as well as strong immunostain-
ing with antibodies to the microtubule-associated protein 
2 (MAP-2) (186). Alpha B-crystallin, a member of the 
heat shock protein family of peptides, is found within 
dysgenetic cells of tubers, and within both SEGAs and 
SENs (187). Dysmorphic cytomegalic neurons express 
high levels of tuberin, as do individual cells within SEGAs 
and SENs. Tuberin appears to be present in most neuronal 
populations of the CNS from at least 20 weeks’ gestation, 
with an apparent up-regulation of its expression after 40 
weeks of gestation (181). Hamartin was found, albeit 

FIGURE 5-8

Tuber of tuberous sclerosis complex. All panels are micrographs from the same specimen, examined using different stains. 
Panel A (from a hematoxylin and eosin–stained section) shows features akin to those seen in Palmini type IIB cortical dys-
plasia. Note a markedly disorganized, crowded collection of dysmorphic neurons, and balloon-like cells. Panel B is from 
a section labeled with a digoxigenin-labeled probe for the TSC2 gene product. Note differential expression of the gene in 
various cells, but especially prominent expression within cells of neuronal phenotype. (For details, see M. Menchine, J.k. 
Emelin, PS Mischel, TA Haag, MG Norman, SH Pepkowitz, CT Welsh, JJ Townsend, HV Vinters. Tissue and cell type specific 
expression of the tuberous sclerosis-related gene, TSC2 in human tissues. Modern Pathology 1996; 9:1071–1080). Panel C 
is from a section stained (immunoperoxidase technique) with primary antibodies to the TSC1 gene product, hamartin. Note 
prominent immunoreactivity of clusters of cells (with uncertain phenotype, arrows) and perivascular cells (arrowheads). 
This tuber originated from a patient in whom it was unknown whether a mutation was present in the TSC1 or TSC2 gene. 
(For details of methodology, see MW Johnson J.K. Emelin, S-H Park, H.V. Vinters. Co-localization of TSC1 and TSC2 gene 
products in tubers of patients with tuberous sclerosis. Brain Pathology 1999; 9:45–54.)
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with a weaker signal, in the same cell types during CNS 
development.

Although architectural disarray is a defining fea-
ture of a tuber, cellularity of a lesion may be extremely 
variable. When high cell density is noted, a tuber may 
resemble a ganglioglioma (181, 188, 188a). Although 
the proliferative potential of these lesions appears low, as 
judged by immunohistochemistry for Ki-67, other mark-
ers of cellular proliferation (e.g., collapsin response medi-
ator protein 4/CRMP4, doublecortin/DCX) are expressed 
within giant cells of cortical tubers and SEGAs, suggesting 
that they may represent newly generated cells that have 
migrated into tubers from the SVZ (188).

Our current understanding of the molecular patho-
genesis of TSC represents a triumph of multidisciplinary, 
multicenter collaborations focused on characterizing the 
complex gene defects that cause this disorder (189–192). 
TSC results from mutations in one of two nonhomolo-
gous tumor suppressor genes, TSC1 (192) on chromo-
some 9 (9q34) encoding a 130-kDa protein, hamartin, 
and TSC2 (189) on chromosome 16 (16p13.3) encod-
ing a 200-kDa protein, tuberin. About one-half of TSC 
families show linkage to each of these two genes. TSC1
mutations, accounting for a minority of mutations identi-
fied, are slightly less common in sporadic TSC patients, 
and are more common in familial cases (13–50%) (193). 
Putative functions of both TSC1 and TSC2 gene products 
have been studied using mostly Drosophila and rodent 
models of TSC, but also using human tissues. This work 
initially suggested that both TSC1 and TSC2 gene prod-
ucts had growth suppressor properties (194–196). Sig-
nificant interactions of the TSC gene products with each 
other, and with intracellular signaling pathways, have 
been implicated in disease pathogenesis.

Hamartin may also interact with the ERM (ezrin, 
radixin, and moesin) family of actin-binding proteins 
to activate small GTPases of the Rho subfamily (Rho 
GTPases) (197). Rho GTPases are important regula-
tors of the actin cytoskeleton and may be involved in 
neuronal developmental processes including migration, 
establishment of polarity, synapse formation, etc. (198). 
ERM proteins belong to the band-4.1 superfamily of 
membrane-cytoskeleton linking proteins (199), thought 
to function in multiple different fashions according to 
their interaction with various membrane proteins, Ras 
superfamily GTPases, and the actin cytoskeleton; they 
may be involved in the formation of microvilli, cell-cell 
adhesion, maintenance of cell shape, and motility (200). 
The observation that hamartin binds to ezrin in vivo and 
can modulate the activity of RhoA (Ras homologous 
member A) (197), suggests that tuberin and hamartin may 
be attached to the membrane-cytoskeletal cortex through 
activated ERM proteins (201, 202). Evidence suggests 
that ERM proteins function at a position upstream and 
downstream of Rho GTPases to regulate cellular adhesion 

and motility (203, 204). ERM proteins (ezrin and moesin) 
are expressed in germinal matrix cells, migrating cells, 
and radial glial fibers in the developing human brain 
(201), correlating with RhoA expression in proliferating 
and migrating cells in the developing rat brain (205). 
Dysfunction of tuberin and hamartin may perturb com-
munication between ERM proteins and Rho GTPase to 
cause abnormal neuronal migration, polarity, and mor-
phology, resulting in the formation of dysplastic cortex. 
Hamartin and tuberin are coexpressed within a popula-
tion of abnormal neuroglial cells (206), and both TSC 
gene products and ERM proteins are also coexpressed 
within a subpopulation of abnormal neuroglial cells in 
TSC tubers (201). Abnormalities of radial glia have also 
been implicated in the pathogenesis of brain lesions of 
TSC (206a).

Tuberin contains a conserved 163-amino acid 
carboxy-terminal region that exhibits sequence homol-
ogy to the catalytic domain of a GTPase-activating pro-
tein (GAP) for the small molecular weight GTPase Rap1 
(207) and for Rab5 (208). Using in situ hybridization, 
TSC2 mRNA was found to be widely expressed in various 
cell types throughout the body, including epithelia, lym-
phocytes, and endocrine organs; within the CNS, it was 
prominently and selectively expressed within neurons, 
especially motor neurons (209). Widespread expression 
of the TSC2 gene within developing and adult nervous 
system was noted in another study using various tech-
niques (210). A study in mice showed that tuberin local-
ized to the perinuclear region of cerebellar Purkinje cells, 
whereas hamartin was noted to distribute along neuronal 
or astrocytic processes (211). TSC2 mRNA and tuberin 
were found in abundance in many CNS cell types, includ-
ing neurons and ependymal cells (212).

TSC1 and TSC2 gene products colocalize within 
tubers (and sometimes within individual dysmorphic cells) 
of patients with TSC (206). Tissue culture experiments in 
various cell types show that both hamartin and tuberin 
interact with the G2/M cyclin-dependent kinase CDK1 
(213). It has also been suggested that hamartin and tuberin 
have separable and presumably distinct functions in mam-
malian cell cycle regulation (214); that is, hamartin has 
the ability to modulate cell proliferation independent of 
the presence of functional tuberin, and binding to hamar-
tin is not always essential for tuberin to affect cell prolif-
eration. Tsc1 and Tsc2, Drosophila homologs of TSC1
and TSC2, function together in vivo to negatively regulate 
cell size, cell proliferation, and organ size in the insulin 
signaling pathway (PI3Kinase-Akt/PKB-mTOR-S6K-S6) 
at a position downstream of dAkt (Drosophila Akt) and 
upstream of dS6k (Drosophila S6 kinase) (215). This 
has been clearly confirmed in surgically resected TSC 
tubers by means of quantitative immunohistochemical 
evaluation using tissue microarray methodology (216); 
constitutive activation of S6K has been observed in TSC 
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tubers but not in focal cortical dysplasia of Taylor type 
(T-FCD or CD Palmini type IIB), suggesting one differ-
ence between these MCDs (216, 217).

STURGE-WEBER-DIMITRI (SWD) 
SYNDROME/ENCEPHALOTRIGEMINAL

ANGIOMATOSIS

This rare, nonfamilial, neurocutaneous syndrome of 
unknown etiology (218–220) is encountered in surgi-
cal specimens from infants and children with intractable 
epilepsy, although much less commonly than destructive 
and malformative/hamartomatous lesions. Its frequency 
is estimated to be 1 per 50,000 live births (221); 75% 
to 90% of affected children develop partial seizures by 
3 years of age (222). Clinicopathologic reports describe 
the association of the cerebral lesion, usually localized 
to the occipital cortex, with facial capillary hemangioma 

(port-wine stain) in the distribution of the ophthalmic 
division of the trigeminal nerve (220, 223, 224). Neuroim-
aging features are highly characteristic. Neuropathologic 
abnormalities in cortical resection specimens (Figure 5-9) 
are easily appreciated at low magnification. Soft tissue 
radiographs of the sliced specimen may show the charac-
teristic “tram-track” pattern of neocortical calcification. 
Leptomeningeal angiomatosis is a key diagnostic feature 
of the syndrome (225), characterized by some authors as 
a venous angioma (224), consisting of dilated and tortu-
ous thin-walled blood vessels within the subarachnoid 
space and pia, which may extend into the underlying 
cerebral cortex and subcortical white matter. The cortex 
itself shows calcifications centered on microvessels, with 
associated neuronal loss, astrocytic gliosis, and cortical 
atrophy (218, 219) that is assumed to result from ischemic 
phenomena secondary, at least in part, to the meningeal 
angiomatosis. Associated malformations such as polymi-
crogyria, agyria/pachygyria, heterotopias, and cortical 

FIGURE 5-9

Sturge-Weber disease (surgical specimens stained with hematoxylin and eosin). (A) A portion of occipital lobe showing barely 
visible punctate and granular calcification in the superficial cortex (arrows). (B) Venous angioma-like structure in meninges of
another case (arrows; cortex is at top of the image).
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disorganization may also be seen (220). Ultrastructural 
studies of the parenchymal calcifications in Sturge-Weber 
brain have suggested that the earliest calcium deposits 
occur within perithelial cells (pericytes) of small blood 
vessels, and that the underlying cause of the calcification 
may be anoxic injury to endothelial, perithelial, and glial 
mitochondria (226, 227).

NEUROFIBROMATOSIS AND OTHER 
NEUROCUTANEOUS SYNDROMES

Central neurofibromatosis (NF-2) is a genetic disorder 
characterized by neoplastic and dysplastic lesions of 
Schwann cells, meningeal cells, and glia (182, 228). It 
is associated with (a) central and peripheral schwanno-
mas, including bilateral acoustic schwannomas, 
(b) meningiomas, (c) gliomas, and (d) glial hamarto-
mas. It is inherited as autosomal dominant, with a high 
rate of sporadic mutations. The NF-2 gene, postulated 
to be a tumor-suppressor gene, has been localized to 
chromosome 22q12 and encodes a widely expressed 
protein, merlin (moesin, ezrin, radixin-like protein) or 
schwannomin, a new member of the protein 4.1 family 
of cytoskeleton-associated proteins (228, 229). Although 
seizures can develop in patients with NF-2, these are usu-
ally caused by a primary neoplasm rather than a malfor-
mative lesion. The most frequent malformations seen in 
association with NF-2 are meningio-angiomatosis and 
glial hamartomas. Meningio-angiomatosis (230, 231) is 
a rare epilepsy-associated lesion of the cerebral cortex of 
unknown etiology, with puzzling and rather dramatic vas-
cular, malformative, and neoplastic elements (232, 232a). 
Rare neurocutaneous syndromes, such as epidermal nevus 
syndrome and hypomelanosis of Ito (233), have also been 
associated with pediatric epilepsy. The pathologic changes 
seen within the cerebral cortex of these patients are virtu-
ally identical to those seen in patients with CD.

BRAIN INFLAMMATION AND EPILEPSY

One of the most common inflammatory lesions encoun-
tered in corticectomies performed for intractable epi-
lepsy is the chronic inflammatory reaction (often with 
a giant cell or granulomatous component) that is left by 
depth electrodes implanted for preoperative monitoring 
purposes within brain parenchyma. Leaving aside the 
obvious fact that any inflammatory disorder of the brain 
(especially viral encephalitides, e.g., caused by Herpes
simplex) may be accompanied by seizure activity, evi-
dence is emerging of an increasingly important role for 
brain inflammation in epilepsy. Steroids and adrenocor-
ticotropic hormone (ACTH) have powerful anticonvul-
sant effects, especially in children with infantile spasms 

or West syndrome. Seizure activity is regularly associ-
ated with a cerebrospinal fluid (CSF) pleocytosis and 
elevated CSF proinflammatory cytokines. Emerging evi-
dence suggests that patients who develop temporal lobe 
epilepsy with hippocampal sclerosis (TLE-HS) following 
febrile convulsions may have been at risk for developing 
TLE-HS because of polymorphisms in the interleukin 
(IL)-1�-511T allele (234). Temporal lobes resected from 
patients with TLE have demonstrated overexpression 
of NFkappaB, a transcription factor involved in acute 
inflammation (235). There is indirect evidence that new-
onset refractory status epilepticus (NORSE) may have 
an inflammatory basis in that many patients have an 
antecedent inflammatory or infectious illness and CSF 
usually shows a pleocytosis (236).

Rasmussen Syndrome (RS)

Rasmussen syndrome (or Rasmussen encephalitis, RE) is 
characterized by intractable focal seizures (usually epi-
lepsia partialis continua) with progressive hemiparesis, 
symptoms attributed to chronic (pathogen-free) inflamma-
tion of gray and white matter, with progressive unihemi-
spheric atrophy (237–239). A recent European consensus 
meeting on RS has formulated diagnostic criteria, which 
incorporate clinical, EEG, MR, and pathologic findings 
(240). Although the pathologic appearances of brain tis-
sue affected by RE suggest a chronic viral infection, no 
virus has ever been consistently isolated from RS brain 
tissue or discovered within it using modern molecular 
or microbial culture techniques (241, 242). Circulating 
anti-glu-R3 antibodies were reported to be of etiologic 
importance in some patients with RS (243, 244), but sub-
sequently these antibodies were found to occur in other 
seizure disorders (245, 246). Very recently, autoantibod-
ies against the N-methyl-D-aspartate glutamate receptor 
(NMDA-type GluR) epsilon2 subunit and its epitopes 
were reported in RS patients (247). However, although
the initial report is highly promising, the diagnostic speci-
ficity of GluRepsilon2 for RS remains to be confirmed. 
Any explanation for RS will ultimately have to account 
for its unihemispheric topography. Rarely have pathologic 
studies demonstrated bihemispheric involvement (248).

The neuropathologic findings of RS/RE (Figure 5-10) 
are said to comprise four merging stages (240, 249, 250), 
the earliest of which is characterized by inflammation, 
especially perivascular lymphocytes, and microglial 
nodule formation within brain parenchyma, but little 
morphologic evidence of neuronal injury. In stage 2, 
lymphocytic infiltration increases in density and both 
astrocytes and microglial cells become more widespread, 
tending to involve all cortical layers—a “panlaminar” pat-
tern of cortical inflammation and gliosis. Patchy neuronal 
loss may be present. In stage 3 the neuronal population 
is depleted in either a patchy or panlaminar pattern, with
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severe cortical degeneration and gliosis. In stage 4 there 
is profound cortical atrophy with gliosis and vacuola-
tion of the neuropil, with cystic cavitation in many cases 
(Figure 5-10). Frequently, areas of relative cortical nor-
mality surround zones of badly scarred cortex. This geo-
graphically defined severe pathologic change, often seen 
a few micrometers away from relatively normal brain 
parenchyma, means that a negative brain biopsy taken 
with the intent of establishing the diagnosis of RE never 
truly excludes the diagnosis. Occasionally, dual pathol-
ogy including malformative elements of cortical dysplasia 

or vascular malformations and chronic inflammation 
are seen in a corticectomy originating from an epilepsy 
patient, suggesting that the two lesions may be etiologi-
cally connected (251).

There is some interlobar variation in severity of the 
neuropathologic change, although usually the occipital 
cortex is less severely involved than the others. Subcorti-
cal white matter may show evidence of axonal injury in 
the form of neuroaxonal spheroids, although whether 
this is secondary to Wallerian degeneration or represents 
a separate cytotoxic attack on axons is uncertain. The 

FIGURE 5-10

Histopathology of Rasmussen encephalitis (RE). All panels are from sections stained with hematoxylin and eosin. (A) Extensive 
cystic cavitation (gyrus at left, arrowheads) and extreme laminar necrosis (gyrus at right, arrows) in a resection specimen from a 
severely affected child. (B) Large cortical scar, seen in the center of this image, running vertically. (C) Perivascular inflammation
by mononuclear inflammatory cells (arrows), accentuated in one part of the vessel wall. (D) Patchy meningeal inflammation 
(arrows) by mononuclear inflammatory cells.
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inflammation or neuronal destruction varies in its tim-
ing and progression from one region to another. Early 
changes consisting of inflammation only may be located 
adjacent to areas showing intense neuronal loss and glio-
sis. The almost unique unilateral nature of RS/RE sepa-
rates it from all other immune-mediated disorders of the 
nervous system. Ultrastructural studies of RE/RS have 
failed to demonstrate viral particles consistently in brain 
biopsies/resections from affected patients, although rarely 
measles virus–like particles have been noted; rare cerebral 
endothelial cells in one case contained tubuloreticular 

inclusions (252). Gene expression profiling of a brain 
specimen from an RE patient has shown a dramatic 
increase in expression of several genes related to inflam-
mation, and a pronounced down-regulation of several 
GluRs, especially GluR4 (253).

The inflammatory infiltrate in RS brain consists pre-
dominantly of CD8-positive T cells (254, 255). The lym-
phocytes lie adjacent to MHC class I(�)-expressing neurons 
and contain granzyme B, which has been suggested as the 
local mediator of T cell–mediated cytotoxic neuronal death 
in RS (254). There is little evidence to support a humoral 

FIGURE 5-11

Immunohistochemical features of Rasmussen encephalitis. The panels represent three parallel fields from a severe case 
(corticectomy specimen) stained with hematoxylin and eosin (A), or primary antibodies to a T-cell marker (CD3, Panel B) or 
microglial/macrophage marker (CD68, Panel C), highlighting the heterogeneity of the angiocentric infiltrate. (B lymphocytes 
are, however, usually few in number.)
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process in that B cells, immunoglobulin and complement 
are rarely found in RS brain tissue. The T cell infiltrate is 
of relatively restricted clonality (256). Abundant microglia 
and macrophages may also be present (Figure 5-11).

DESTRUCIVE LESIONS/ 
ENCEPHALOMALACIA

Destructive lesions, with the neuropathologic appearance of 
regions of cystic encephalomalacia, are commonly encoun-
tered in corticectomies for epilepsy, especially in infants and 
children (162). They are presumed to represent sequelae of 
intrauterine, perinatal, or (rarely) postnatal brain infarcts 
(Figure 5-12) or hemorrhages, the etiology of which is mul-
tifactorial, extremely complex, and beyond the scope of this 
chapter. For excellent recent monographs on pathophysi-
ologic mechanisms important in the evolution of destructive 
brain lesions in the developing human brain, including ones 
that may cause seizures, see the works by Kalimo (232) and 
Golden and Harding (232a).
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Epileptogenic Cerebral 
Cortical Malformations

euroimaging has become a standard 
part of the evaluation of patients with 
localization-related epilepsy or with 
any type of epilepsy in the setting of 

abnormal cognitive development. In this setting, malfor-
mations of cortical development are recognized more and 
more frequently as the etiology of epilepsy in children.

The more aggressive pursuit of detailed neuroimag-
ing in children with epilepsy is due in part to the more 
accepted role of focal resective epilepsy surgery as a treat-
ment option in medically refractory localization-related 
epilepsy. Neuropathological data from patients undergoing 
surgical resection of epileptogenic foci have shed further 
light on the prevalence and histopathological properties of 
cerebral cortical malformations, even among some patients 
with normal magnetic resonance imaging (MRI). As such, 
the role of these malformations is proving to be substantial 
in the pathogenesis of refractory epilepsy in children.

We use the terms “cerebral cortical malformation” 
and “malformation of cortical development” interchange-
ably in this chapter to discuss malformations that represent 
known or presumed disruptions of brain development. 
We reserve the term “disorders of neuronal migration” 
for disorders in which there is radiological, pathologi-
cal, or other evidence implicating the abnormal migra-
tion of cortical neurons during development. In addition, 
whereas “cortical dysplasia” can refer to the broad range 
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of cerebral cortical malformations (1, 2), we restrict our 
use of this term to discussions of focal cortical dysplasia 
(FCD), since to some readers the term may connote a 
specific, pathologically confirmed entity.

We begin by highlighting the important role of mal-
formations of cortical development in pediatric epilepsy. 
We discuss mechanisms of epileptogenesis in cerebral cor-
tical malformations, with examples drawn from several 
types of malformations. In the second half of the chapter 
we review what has become a well-established framework 
for the understanding and classification of these disor-
ders, taking into account central nervous system ontogeny 
and the genes that regulate it.

CEREBRAL CORTICAL MALFORMATIONS 
IN PEDIATRIC EPILEPSY

Type of Seizures and Epilepsy Associated 
with Cerebral Cortical Malformations

The majority of patients with malformations of cortical 
development and epilepsy have symptomatic, localization-
related epilepsy. This classification applies to any patient 
with a cerebral cortical malformation and seizures that 
originate in a focal region of cortex, regardless of whether 
the malformation itself is a focal lesion, such as a focal 

N
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cortical dysplasia, or whether it represents a more wide-
spread abnormality affecting the entire cortex, such as 
lissencephaly.

An individual with a cerebral cortical malformation 
may have seizures that appear generalized; such a patient 
most likely has secondarily generalized localization-
related epilepsy, but symptomatic generalized epilepsy 
is also possible. In these cases, under the most recent 
semiology-based International League against Epilepsy 
(ILAE) classification of seizures and epilepsy, the seizure 
phenomenology is classified as “generalized,” and the 
etiology should be specified as the malformation of corti-
cal development (3).

Epidemiology of Cerebral Cortical 
Malformations in Pediatric Epilepsy

1⁄2 to 1% of children are estimated to have epilepsy (4–6). 
About one-third of children with epilepsy do not respond 
to medication and are considered medically refractory 
(7), and it is in this group that malformations of cortical 
development are most frequently encountered.

The role of cortical malformations has been widely 
recognized in cases of refractory localization-related epilepsy 
in children and adults, with malformations ranging from 
small heterotopia to large hemispheric malformations such 
as hemimegalencephaly (8–12). 10% to 20% of patients 
seen in subspecialty epilepsy centers are estimated to have 
cerebral cortical malformations by some authors (13). In an 
observational study of patients aged 15 years or older with 
localization-related epilepsy, only 70% of whom had any 
form of imaging performed, 3% of patients were found to 
have cerebral cortical malformations by MRI (14). In one 
series of adults with refractory epilepsy, 12% malforma-
tions of cortical development on MRI (15).

Epidemiological studies performed in the era preced-
ing the routine use of MRI do not reflect the role of malfor-
mations of cortical development in pediatric epilepsy, but 
there are several reports suggesting that their role is even 
greater in children than in adults with epilepsy. Kuzniecky 
and colleagues reported that one-quarter of a series of
44 children who underwent surgical resection for treatment 
of epilepsy demonstrated cortical malformations (16). 
Pasquier and colleagues described 230 consecutive children 
and adults undergoing epilepsy surgery, the majority of 
whom had childhood-onset epilepsy; nearly one-quarter 
had some form of cerebral cortical malformation, including 
FCD, tubers suggesting tuberous sclerosis complex (TSC), 
and dysembryoplastic neuroepithelial tumor (DNET) (17). 
Sinclair and colleagues described a series of 42 children 
undergoing temporal lobectomy, in whom four had patho-
logical evidence of FCD and four had tubers; additionally, 
of 13 patients who had temporal lobe tumors, eight fell 
into the spectrum of developmental malformations (seven 
gangliogliomas and one DNET) (18, 19).

In the subgroup of children undergoing epilepsy 
surgery for refractory infantile spasms, malformations of 
cortical development are a leading cause (20–22). Further-
more, there is a growing body of pathological evidence 
from epilepsy surgery series demonstrating that many 
adults and children with intractable localization-related 
epilepsy without MRI abnormalities have malforma-
tions of cortical development that are currently appreci-
ated only microscopically (12, 23–28) or identified using 
[19F]2-fluoro-2-deoxy-D-glucose ([19F]2-FDG) (29).

To our knowledge, large population-based studies of 
children with epilepsy have yet to fully capture the role 
of cerebral cortical malformations as a common etiol-
ogy. Nonetheless, the accruing evidence and our personal 
experience lead us to conclude that malformations of 
cortical development account for a substantial portion of 
children with refractory localization-related epilepsy.

EPILEPTOGENESIS OF CEREBRAL 
CORTICAL MALFORMATIONS

The discussion of the epileptogenesis of malformations 
of cortical development draws on observations regard-
ing the pathological, electrophysiological, and molecular 
properties that may underlie their propensity to generate 
seizures. Many features suggest the persistence of fetal 
patterns, suggesting a disruption of the early process of 
neuronal and glial precursor proliferation, which in turn 
may lead to perturbations of the later processes of neuro-
nal migration, lamination, and later cortical organization. 
The mechanisms of epileptogenesis may differ among 
malformations of cortical development according to the 
stage at which development was disrupted (30). We will 
consider epileptogenesis as a phenomenon common to all 
of the malformations together, because specific influences 
of the timing of disruption have yet to be elucidated.

Pathology of Cerebral Cortical Malformations

Pathological studies provided an initial understanding of 
developmental malformations of the brain. Despite advances 
in neuroimaging, there are still patients with relatively subtle 
disturbances of cortical development that are manifest only 
as pathological changes; it is only on the basis of accurate 
neuropathological analysis that these patients’ lesions can 
be appropriately characterized and classified. Even in those 
patients with malformations evident by neuroimaging, the 
pathological abnormalities continue to provide insight into 
the developmental origin of these lesions.

Both neurons and glia may appear abnormal in 
location and morphology in malformations of cortical 
development, as described by Taylor and colleagues in 
focal cortical lesions, now referred to as FCD with balloon 
cells or Taylor-type FCD (8). They and others since have 
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reported the following abnormalities in neurons in these 
developmental lesions: (1) neurons may be abnormally large 
and clustered; (2) many abnormal neurons are located in 
cortical layer I and sometimes heterotopically in the white 
matter; (3) the malformations contain bizarrely shaped 
cells of presumed glial origin; and (4) there is potential 
for severe disorganization of the cortex in these lesions (8, 
31, 32). Similar pathological changes have been described 
in many other types of cerebral cortical malformations, 
including hemimegalencephaly (33, 34). Figure 6-1 depicts 
these abnormal neuronal and glial features from a child 

with hemimegalencephaly who underwent hemispher-
ectomy for seizure control. Beyond these cellular and 
architectural findings, Sankar and colleagues described 
severe dysmyelination underlying regions of pathologi-
cally abnormal cortex in cerebral cortical malformations, 
suggesting a more prominent role of white matter in the 
pathogenesis as well as epileptogenesis (23).

One feature shared by many malformations of corti-
cal development is disruption of the cortical architecture, 
which can be profound in such examples as double cortex 
syndrome and pachygyria, or more subtle in cases with 
only mild dyslamination. In some cases, the distinction 
between gray matter and white matter can be difficult 
to discern (35). Palmini and colleagues grouped the his-
topathological abnormalities seen in cerebral cortical 
malformations into four categories, listed by increasing 
degree of abnormality (36):

 1. Isolated architectural abnormalities, including 
dyslamination and columnar disorganization.

 2. Architectural abnormalities with the predominant 
abnormal cell type of giant neurons (pyramidal-
shaped neurons that are larger than normal layer 
V neurons).

 3. Architectural abnormalities with predominant 
dysmorphic neurons (neurons with abnormal 
cytoplasmic neurofilament accumulation leading to 
abnormalities in shape, size, orientation, and processes), 
along with which giant neurons may also be present.

 4. Architectural abnormalities with dysmorphic neu-
rons and balloon cells (large cells that have thin 
cell membranes and eosinophilic cytoplasm, may 
be multinucleated, and typically display immuno-
reactivity to markers of both neurons and glia).

The third and fourth of these categories correspond to 
what is often termed Taylor-type FCD (36).

An additional feature sometimes seen in malforma-
tions of cortical development is the immature neuron, 
which is neither enlarged nor dysmorphic but has a large, 
immature-appearing nucleus and relatively sparse cyto-
plasm (36). From a pathological perspective, the abnor-
mal cells seen in malformations of cortical development 
can be arranged from least to most severe in the following 
order: heterotopically placed but morphologically normal 
neurons, immature and giant neurons, dysmorphic neu-
rons, and balloon cells (listed in Table 6-1). There is some 
evidence to suggest that pathological severity may reflect 
the severity of the associated epilepsy (37, 38).

Pathological analysis of malformations of cortical 
development clearly demonstrates that the neurons and 
glia within these lesions display unusual morphological 
properties. One might expect that neurons with abnormal 
morphological features and cell surface properties would 
display abnormal connectivity that would give rise to 

FIGURE 6-1

Abnormal neuronal and glial features from the hemisphere 
involved in hemimegalencephaly in a child who underwent 
hemispherectomy for refractory epilepsy. (a) Hematoxylin and 
eosin staining shows neurons with abnormal morphology, 
size, and orientation in the gray matter. The arrow indicates 
two abnormally shaped neurons with abnormal orientation 
and clustering. (b) Glial fibrillary acidic protein (GFAP) stain-
ing depicts abnormal astrocytes in the white matter (arrow) 
as well as intermediately stained cells with mixed neuronal 
and glial morphological properties (asterisk).
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epilepsy (39). Some cells seen in malformations of corti-
cal development recall features of neuronal-glial progeni-
tor cells or immature neurons, suggesting the abnormal 
persistence of a fetal-like state. These and other features 
may contribute to the proclivity of cerebral cortical mal-
formations to engender seizures. Efforts to understand 
these malformations on a molecular level should render 
further insight into the precise means of epileptogenesis, 
both in and around the malformations and in epilepto-
genic foci in general.

Persistence of Immature Patterns of Expression 
in Cerebral Cortical Malformations

Analogous to the pathological features of cerebral cor-
tical malformations, the abnormalities observed at the 
protein level are also reminiscent of immature patterns. 
Immunohistochemical study of neurons in malforma-
tions of cortical development reveals excessive reactivity 
to the neurofilament protein SMI311 and the microtubule 
associated protein MAP2, which are typically expressed 
early in the immature brain (32, 35). Immunoreactivity 
to the cell adhesion molecule L1, which usually peaks in 
expression near the end of normal human gestation, has 
been found in excess in abnormal neurons from samples 
of hemimegalencephaly (40). The simultaneous neuronal 
nuclei (NeuN) and glial fibrillary acidic protein (GFAP) 
immunoreactivity of some cells corresponds to their mor-
phological ambiguity and suggests absent or aberrant 
differentiation of neuronal-glial precursors and possible 
arrest in, or return to, a pre-differentiated state.

The immature and undifferentiated features of 
many of the cells seen in cerebral cortical malformations 

certainly suggest a dysregulation of the processes of cell 
fate determination among neurons and glia. The mecha-
nisms leading to these common features of many mal-
formations of cortical development are not yet known, 
so it is not possible to state precisely which stage of 
cortical development is first disrupted. It is conceivable 
that a disruption during cell proliferation results in a 
more profound pathological picture, whereas a milder 
defect influencing neuronal migration may lead to more 
subtle ultrastructural changes with preserved neuronal 
maturation and cellular architecture. Until we discover 
the fundamental inciting events leading to each type of 
malformation, hypotheses based on the pathology and 
immunohistochemistry remain speculative.

Abnormal Neurotransmitter Receptor Subunits 
in Cerebral Cortical Malformations

An imbalance of excitatory and inhibitory synaptic activ-
ity can be implicated in any discussion of epileptogen-
esis. One approach to this issue in the realm of cerebral 
cortical malformations has been the study of expression 
of excitatory and inhibitory neurotransmitter receptor 
subunit proteins in surgical specimens from epilepsy sur-
gery in humans as well as in animal models of malforma-
tions of cortical development. A thorough description of 
the role of excitatory and inhibitory neurotransmission 
in normal synaptic activity and epileptogenesis is pro-
vided elsewhere in this text. We concentrate here on the 
neurotransmitters for which there are data specific to 
malformations of cortical development.

Glutamate Receptors

Two classes of excitatory glutamate receptors that have 
been implicated in the epileptogenesis of malformations 
of cortical development are the N-methyl-D-aspartate 
(NMDA) and alpha-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid (AMPA) receptors. A function-
ing NMDA receptor comprises of a four-part complex of 
NMDAR1 (or NR1) and NMDAR2 (or NR2) subunits, 
which have eight and four different forms, respectively; 
although the NMDAR2 subunits do not alone func-
tion as ion channels, they potentiate the conductance of 
NMDAR1 currents when the two subunits are combined 
(41, 42). Immunohistochemical studies of abnormal neu-
rons from human malformation of cortical development 
have shown alterations in expression of the NMDAR2 
type A and B subunits (43–45). Crino and colleagues 
evaluated mRNA expression in individual abnormal neu-
rons from regions of focal cortical dysplasia and reported 
increased expression of NMDAR2 type B and C subunits 
but decreased expression of NMDAR2 type A subunits 
in abnormal neurons from FCD (46). The relatively 
increased NMDAR2 subunit expression correlates with 
hyperexcitability in neurons in malformations of cortical 

TABLE 6-1
Range of Abnormal Cells Identified
in Cerebral Cortical Malformations,

from Least Severe to Most Severe

TYPE OF NEURON CHARACTERISTICS

Normal-appearing neurons  Located in abnormal 
 locations (most 
 commonly layer I)

Immature neurons  Normal shape and size,
 abnormally large nucleus

Giant neurons  Normal shape, abnormal
 size

Dysmorphic neurons  Abnormal shape, size, 
 orientation, clustering

Balloon cells  Abnormal shape, size,
 orientation, clustering,
 neuronal and glial 

features
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development; electrocorticography within malformations 
has revealed abnormal electroencephalographic (EEG) 
activity in regions subsequently found to have abnormal 
NMDA receptor profiles (42, 44).

The AMPA receptor complex is formed by four 
subunits: GluR1 through GluR4. Immunohistochemical 
studies have shown increases in GluR2 and GluR3 subunit 
expression in giant neurons and dysplastic neurons from 
human malformations of cortical development (45). In 
contrast, mRNA expression studies have shown decreased 
GluR1 and increased GluR4 expression in abnormal neu-
rons from cerebral cortical malformations, compared to 
normal neurons from control samples (46). Some authors 
suggest that the functional implications of any or all of 
these deviations from normal AMPA receptor subunit 
expression may involve altered subunit stoichiometry, 
leading to neuronal hyperexcitability (42), but the precise 
mechanisms have yet to be worked out.

GABA Receptors

Gamma-aminobutyric acid (GABA) is the chief inhibi-
tory neurotransmitter in the mature central nervous sys-
tem. Assaying regions of FCD with immunohistochemi-
cal markers that identify GABAergic neurons, Ferrer and 
colleagues reported a decrease in the number of GAB-
Aergic neurons (47). In the study mentioned in the pre-
ceding section, Crino and colleagues reported a decrease 
in mRNA expression of the alpha-1, alpha-2, beta-1, 
and beta-2 subunits of the [GABA-A] receptor (46). 
During early brain development, there is limited GABA-
mediated inhibitory activity (48), and the role of GABA 
evolves over time from excitatory to inhibitory (49). 
Abnormalities in GABA receptor expression in mal-
formations of cortical development must therefore be 
considered against the backdrop of this developmental 
shift in GABA function (see also Chapter 1). If abnor-
malities in GABA receptor subunit expression repre-
sent yet another recapitulation of an immature state, 
the persistence of GABA-mediated excitability could 
contribute to the epileptogenicity of malformations of 
cortical development (50).

Clearly, in a patient with a cerebral cortical malfor-
mation or any predisposition to epilepsy, there are dynamic 
factors mediating the excitatory-inhibitory balance and 
establishing an electrophysiological threshold that is inter-
mittently crossed, allowing a seizure to be generated and 
propagated. While the available data from neurotransmit-
ter receptor subunit expression studies do not provide a 
complete model for epileptogenesis in malformations of 
cortical development, the pattern seen in these lesions 
appears to represent a developmental dysregulation of 
the balance of excitatory and inhibitory activity. Further 
study into the unique receptor properties in cerebral corti-
cal malformations may not only shed further light onto 
the developmental aspects of the malformations but also 

lead to the targeting of specific pharmacological treat-
ment strategies for patients with malformations of cortical 
development. Given the important role of glutamate and 
other neurotransmitters in learning and memory, a more 
complete understanding of neurotransmitter dysfunction 
in cerebral cortical malformations may also ultimately 
provide insight into the cognitive difficulties that often 
accompany the seizures in patients with malformations 
of cortical development.

Genomic Study of Focal Cerebral 
Cortical Malformations

The publication of the human genome, coupled with 
advances in informatics, allow us to study mRNA 
expression profiles and to conduct genome-wide studies 
to assay for deletions, duplications, and chromosomal 
rearrangements in the malformations of cortical develop-
ment resected during epilepsy surgery. Kim and colleagues 
identified upregulation of genes associated with apopto-
sis and downregulation of other genes associated with 
apoptosis in tissue from focal malformations of cortical 
development (51). Immediate early genes have been simi-
larly found to be upregulated in tissue from focal cerebral 
cortical malformations as well as in epileptic tissue not 
associated with malformations (52). In such studies, it 
is difficult to implicate the involvement of the identified 
genes in the causality of either the malformation or the 
epilepsy, because the abnormalities seen may represent 
an effect of electroclinical or electrographic seizures that 
have occurred. Using evidence from targeted microarrays, 
Yu and colleagues reported increased expression of genes 
encoding growth factors and transcription factors in tis-
sue from hemimegalencephaly lesions, pointing to several 
potential pathways that may be involved in the aber-
rant growth responsible for these malformations (53). 
These latter studies may point to the very mechanisms 
that underlie the formation of malformations of cortical 
development, and the role of the genes identified in the 
lesions’ epileptogenicity remains to be studied.

In our own study of tissue from epilepsy surgery 
samples, we have used single-nucleotide polymorphism-
based copy number analysis and quantitative polymerase 
chain reaction to identify three copies of chromosome 
1q in two cases of large hemispheric malformation; in 
one case, there was no evidence of this duplication in 
the patient’s  leukocytes, suggesting that a somatic event 
occurred in the brain (55). Further study is required to 
determine the implications of chromosomal aneuploidy 
in the development of focal malformations of cortical 
development and epilepsy. Although these DNA-based 
strategies may lead to further understanding of the genetic 
mechanisms underlying development of cerebral cortical 
malformations, they may not fully explain their epilep-
togenic potential.
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Epileptogenic Activity Arising in and around 
Cerebral Cortical Malformations

Electroencephalographic data from scalp, subdural, and 
depth electrode recordings suggest intrinsic epileptogenicity 
of neurons within malformations of cortical development 
as well as the regions that surround them (9, 55–59). 
Table 6-2 (60–63) presents electrophysiologic character-
istics that have been described in association with various 
types of cerebral cortical malformations based on routine 
or prolonged scalp EEG, subdural EEG recorded outside of 
the operating room with the intent of localizing seizure 
onset, and intraoperative corticography, the last of which is 
almost exclusively interictal (37, 55, 60–63). The common 
theme that emerges from all of these methods of recording 
is excessive rhythmicity, with higher than expected ampli-
tudes and frequencies for age. Notably, investigators have 
reported abnormal electrophysiological properties and sei-
zure onset zones in the regions immediately surrounding 
focal malformations of cortical development (9, 60, 64, 65). 
These latter findings have important implications for the 
treatment of cerebral malformations with resective surgery; 
the epileptogenic capacity of the tissue surrounding the 
regions of malformation that are visible macroscopically 
and by MRI suggest that subdural EEG recording may be 
required to establish seizure onset firmly, since it may not 
be restricted to the malformation.

CLINICAL PRESENTATION AND 
CLASSIFICATION OF CEREBRAL CORTICAL 

MALFORMATIONS BY STAGES OF
CORTICAL DEVELOPMENT

The process of brain development, which follows a 
sequence that is under genetic regulation, provides a 

framework for understanding the variety of cerebral cor-
tical malformations encountered in patients with pedi-
atric epilepsy. The classification presented by Barkovich 
and colleagues has evolved to include an ever-expanding 
list of genetic etiologies for many cerebral malformations 
(1, 19, 66). The importance of its emphasis on genetic 
causes cannot be overstated; even when epilepsy is not 
the presenting symptom of a cerebral malformation, clini-
cians must address important questions regarding possible 
genetic etiologies. Table 6-3 presents the major categories 
of malformations of cortical development according to 
the stage that is thought to be first or primarily disrupted 
in brain development.

We begin this section with some general clinical 
observations regarding patients with epilepsy caused by 
cerebral cortical malformations. We briefly review the 
normal sequence of cortical development before dis-
cussing representative examples from each major group 
according to the first stage of brain development known 
or thought to be disrupted.

General Clinical Observations

The focus of this chapter is the relationship between 
malformations of cortical development and epilepsy, 
so we provide estimates of the prevalence of epilepsy 
among patients with specific malformations when this 
information is available. In general, though the preva-
lence of epilepsy in each group is not 100 percent, we 
recommend advising patients with cerebral cortical mal-
formations and their families that epilepsy is a common 
symptom of any structural brain malformation.

Apart from the minority of patients with cerebral cor-
tical malformations who are asymptomatic, many patients 
with malformations of cortical development have what 
some clinicians term a “chronic static encephalopathy,” 

TABLE 6-2
EEG Characteristics of Cerebral Cortical Malformations

TYPE OF RECORDING EEG CHARACTERISTICS

Scalp EEG •  High-amplitude (�100 µV) rhythmic theta and delta activity (55)
 •  High-amplitude sharp-slow waves, alpha and beta activity (52)
 •  Fluctuating amplitude theta and delta activity, faster than expected for age, 

possibly asynchronous (55)
 •  High-amplitude or fluctuating amplitude �15 Hz beta activity, in bursts or 

continuous (55)
 •  Localized slowing and epileptiform spikes (37)
 •  Repetitive or nearly continuous spikes or seizures (60, 61)

Subdural extraoperative EEG Continuous epileptiform discharges (60)

Intraoperative corticography •  Repetitive bursts of alpha and beta activity (�10 Hz) (61)
 •  “Recruiting/derecruiting pattern” of spikes increasing in rhythmicity and 

frequency up to 12–16 Hz followed by focal slowing (61)
 •  Continuous or nearly continuous rhythmic spiking (61–63)
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manifest not only as epilepsy but also varying degrees of 
developmental delay or mental retardation as well as other 
neurological problems. It is helpful to frame the individual 
patient’s neurological problems, including the epilepsy, as 
stemming from the malformation of cortical development 
and to attribute the malformation itself, along with any 
associated nonneurological sequelae, to the underlying 
genetic etiology whenever possible. The likelihood and typi-
cal age of onset of epilepsy vary among syndromes, and the 
most precise characterization of patients’ conditions will 
aid in the prognosis of their epilepsy as well as their neu-
rodevelopmental outcome. In Table 6-4 we present a list of 
genes known to be associated with specific malformations 
of cortical development at the time of the writing of this 
chapter (67–86). Note that most of the conditions described 
thus far have been associated with autosomal recessive or 
X-linked patterns of inheritance, which is important when 
providing counseling to families about recurrence risk in 
subsequent children.

The treatment of epilepsy caused by malforma-
tions of cortical development is beyond the scope of this 
chapter, and general principles of treatment of epilepsy 

are covered in depth elsewhere in the text. Patients with 
refractory epilepsy due to cerebral cortical malforma-
tions and well-localized anatomical and seizure foci are 
often considered candidates for epilepsy surgery, and 
the outcome has been reported to be favorable in one-
third to two-thirds of patients with brain malformations 
undergoing resective surgery for the treatment of 
seizures (87–89).

Classification by Stage of Cortical Development 
Disrupted and Presentations

Normal Cortical Development

The processes underlying normal cortical development in 
the human continue to be elucidated in increasing detail. 
The currently accepted paradigm for the formation of the 
human cortex was outlined elegantly by Sidman and Rakic 
in 1973 (90) and includes in the following sequence of 
events: (1) proliferation of progenitor cells in ventricular 
zone, (2) neuronal migration along a radial glial scaffold,
leading to the establishment of the six layers of the neo-
cortex, and (3) further organization, including formation 

TABLE 6-3
Cortical Malformations Classified by Stages of Cortical Development

STAGE OF DEVELOPMENT ASSOCIATED MALFORMATIONS

Neuronal and glial proliferation Net decrease in neurons and glia—primary microcephaly
 •  Normal or simplified gyral pattern
 •  Normal or thin cortex
 •  Microlissencephaly (thick cortex)
 •  With or without polymicrogyria
 Net increase in neurons and glia—macrocephaly
 Abnormal proliferation
 •  Cortical tuber
 •  Focal cortical dysplasia with balloon cells, including trans-

mantle dysplasia
 •  Hemimegalencephaly
 Tumors—DNET, ganglioglioma, gangliocytoma

Neuronal migration and cortical lamination Abnormal radial migration, including arrested migration
 •  Lissencephaly (formerly type I lissencephaly)
 •  Subcortical band heterotopia
 •  Other subcortical heterotopia
 •  Subependymal, periventricular heterotopia
 Abnormal radial migration, including overmigration
 •  Cobblestone lissencephaly (formerly type II lissencephaly)
 Abnormal radial and tangential migration
 •  X-linked lissencephaly with abnormal genitalia

Later cortical organization •  Polymicrogyria, bilateral and unilateral
 •  Schizencephaly, bilateral and unilateral
 •  Cortical dysplasia without balloon cells
 •  Lesions with microscopic evidence of abnormal development 

(not apparent on MRI)

Adapted with permission from Dr. AJ Barkovich.
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of gyri and sulci of the appropriate size and orientation, 
synaptic organization, and myelination. Figure 6-2 pres-
ents a schematic version of cortical development.

This model for cortical development provides an 
excellent general framework and continues to be refined. 
Evidence that cortical neurons and the radial glia that guide 
their migration arise from a common neuronal-glial pro-
genitor pool (91, 92) suggests that there are other elements 
between steps (1) and (2) in the aforementioned sequence 
that may be affected to produce malformations of cortical 
development, including the processes of cell fate determi-
nation and formation of the radial glial scaffold, which 
must occur before migration can begin. There is evidence 
from studies in Drosophila that neuronal differentiation 
occurs after a progenitor cell undergoes an asymmetric 
mitotic division, dividing into one “daughter” cell that 
eventually becomes a neuron and another “daughter” cell 
that continues to divide, maintaining the pool of progeni-
tor cells; this process is directed and regulated by the action 
of a number of intrinsic and extrinsic proteins (93–96). 
Aberrations in these aspects of neuronal differentiation 
would also result in disorders of proliferation, though they 
have not yet been identified as such in humans.

Another development that has added complexity to 
the paradigm of brain development as outlined above is the 
phenomenon of nonradial neuronal migration (97), charac-
terized as tangential migration from the ventral telencepha-
lon, giving rise predominantly to interneuron populations 
(98). If they lead to deficiencies of GABAergic interneurons 
in the cortex, abnormalities of tangential migration may 
be particularly likely to lead to cortical hyperexcitability 
and epileptogenesis. Advances in basic neuroscience will 
continue to shed light on the complex processes that may be 
disrupted to produce the broad range of known malforma-
tions of cortical development, and new clinical syndromes 
will likely invoke mechanisms that are yet to be described.

Disorders of Neuronal and Glial Proliferation

Disorders of neuronal and glial proliferation most likely 
result from abnormal proliferation of the undifferenti-
ated progenitor of neurons and glia. These disorders 
may reflect an imbalance between proliferation of pro-
genitor cells and apoptosis, or programmed cell death. 
This category includes those conditions thought to be a 
result of relative underproduction of neurons and glia 
or, conversely, those with a relative overproduction, as 

TABLE 6-4
Genes Responsible for Malformations of Cortical Development and Epilepsy

MALFORMATION OF CORTICAL DEVELOPMENT IDENTIFIED GENE(S)  INHERITANCE

Disorders of neuronal and glial proliferation 
 Primary microcephaly MCPH1, ASPM (67, 68) AR
  With seizures ASPM (69) AR
 Microcephaly with bilateral periventricular heterotopia ARFGEF2 (70) AR
 Disorders with macrocephaly  
  Neurofibromatosis type 1 NF1 (71) AD or sporadic
  Sotos syndrome NSD1 (72) AD or sporadic
  Cowden syndrome PTEN (73) AD
  Tuberous sclerosis complex TSC1, TSC2 (74, 75) AD or sporadic
Disorders of neuronal migration and lamination
 Lissencephaly, male or female LIS1 (76) AD or sporadic
 Lissencephaly with cerebellar hypoplasia RELN (77) AR
 Lissencephaly, male DCX (76, 78) X-linked
  with abnormal genitalia ARX (79) X-linked
 Double cortex syndrome, female DCX (78, 80) X-linked
 Pachygyria DCX, LIS1 (76, 78, 80) X-linked, AD,

 or sporadic
 Cobblestone lissencephaly POMT1 (81) AR
   POMT2 (82)
   POMGnT1 (83)
    others
 Bilateral periventricular heterotopia FLNA (84) X-linked
Disorders of later organization
 Bilateral fronto-parietal polymicrogyria GPR56 (85) AR
 Schizencephaly EMX2 (86) AD or sporadic

AR 	 autosomal recessive, AD 	 autosomal dominant
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outlined in Table 6-3. Conditions resulting in the pro-
duction of abnormal cell types are also included in this 
group, with both nonneoplastic and low-grade neoplastic 
subgroups (19). It is important to note that any perturba-
tion at this early stage of development is likely to have 
downstream effects on the later stage, and it is therefore 
not surprising that cortical lamination and further organi-
zation also appear abnormal in this group of disorders.

Net decrease in neurons and glia—microcephaly.
Microcephaly can be the result of a number of etiologies, 
including hypoxic-ischemic injury and exposure to viral 

pathogens in utero that result in an underproduction, exces-
sive apoptosis, or abnormal destruction of neurons and glia 
during gestation. When microcephaly is seen in the absence 
of such factors, it is considered primary microcephaly. At 
least seven genetic loci have been associated with autoso-
mal recessive forms of primary microcephaly (99). Non-
sense mutations in the gene ASPM have been found to be 
responsible for a particular familial form of microcephaly 
with seizures (69), reinforcing the connection between this 
structural brain malformation and epilepsy.

The MRIs of patients with primary microcephaly, as 
described above, typically have normal or mildly simplified 

FIGURE 6-2

The formation of the cerebral cortex in humans involves the proliferation of progenitor cells (light gray ovals) in the ventricular
zone (VZ); establishment of a radial glial scaffold (vertical lines) following differentiation of some progenitors into glial cells (cell 
bodies shown as dark gray ovals) and others into neurons (patterned ovals); and (3) neuronal migration along the radial glial 
scaffold. The panel on the left depicts the stage of approximately 16 to 18 weeks’ human gestation, by which time the layer I 
Cajal-Retzius neurons have migrated to the pial surface (represented by the top of the panel) followed by layer VI, layer V, and
layer IV; representative neurons from layers III and II are shown migrating along radial glia. The panel on the right represents
the adult six-layer cortex after neuronal migration is complete; note that the cortical plate has expanded with the addition of
layers III and II. Not shown are the final stages of further cortical organization, including formation of gyri and sulci of the
appropriate size and orientation, synaptic organization, and myelination. (MZ: marginal zone; SP: subplate neurons.)
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gyral pattern (100). Microcephaly can also be associated 
with a markedly simplified gyral pattern (101) and with 
polymicrogyria and other structural abnormalities, such 
as agenesis of the corpus callosum (102). Generally speak-
ing, the more severe the associated gyral abnormality, the 
more severe the neurodevelopmental prognosis and the 
higher the chance of seizures will be (100).

Net increase in neurons and glia—macrocephaly.
Macrocephaly, or megalencephaly, is seen in isolation 
or in association with syndromes associated with gen-
eral dysregulation of growth in multiple tissues, includ-
ing neurofibromatosis type 1, Cowden syndrome, and 
Sotos syndrome (72, 103, 104). Some but not all indi-
viduals with these syndromes have epilepsy, but it is a less 
prominent feature than in those with most of the other 
malformations described (72, 105, 106). Orstavik and 
colleagues report a syndrome of macrocephaly, epilepsy, 
autism, and dysmorphic features in two sisters, the genetic 
basis of which is not yet known (107). In these cases of 
primary macrocephaly of known or likely genetic etiol-
ogy, epilepsy may be one of many clinical manifestations 
but generally does not dominate the clinical picture.

Abnormal proliferation—TSC, FCD, and 
hemimegalencephaly. Abnormalities at the time of pro-
liferation of neuronal-glial progenitor cells are thought to 
be responsible for the formation of cortical tubers in TSC, 
FCD with balloon cells, and hemimegalencephaly, all of 
which share many pathological features (31, 33).

Eighty to 90% of individuals with TSC have epi-
lepsy; seizures typically begin during childhood and often 
are refractory to medical treatment (108). In particular, 
children with TSC have a particular propensity for devel-
oping infantile spasms (109).

FCD with balloon cells is a common pathological 
finding in epilepsy surgery series, as previously discussed 
in the section on Epidemiology in this chapter. Subtypes 
of FCD with balloon cells include transmantle dyspla-
sia (shown in Figure 6-3), extending from the ventricle 
through the white matter and into the gray matter, and 
the “bottom of the sulcus” cortical dysplasia (19). MRI 
features include thickening of the gray matter and blurring 
of the gray-white matter junction (110). FCDs that have 
ultimately been found to have balloon cells on pathological 
analysis have been far more likely than those without bal-
loon cells to be associated with abnormal MRI T2 signal 
in the white matter underlying the cortical lesion (111). 
FCD with balloon cells is typically diagnosed by MRI after 
an individual has presented with epilepsy. Although some 
such individuals are assessed as cognitively normal, mild 
to severe mental retardation is also reported, with younger 
age of onset of epilepsy (particularly under one year) asso-
ciated with worse cognitive outcome (110).

The other characteristic malformation of cortical 
development in the category of abnormal proliferation 

is hemimegalencephaly, an example of which is shown 
in Figure 6-4. These lesions are large, hemispheric mal-
formations with varying degrees of macroscopically dis-
rupted architecture. As reviewed by Flores-Sarnat and 
colleagues, the presence of a unilateral malformation, 
with its characteristic appearance and associated patho-
logical findings, strongly suggests a disruption early in the 
proliferative stage of brain development (34). Hemimega-
lencephaly can occur as an isolated entity or as part of a 
syndrome with somatic components, such as linear seba-
ceous syndrome, hypomelanosis of Ito, and, rarely but 
not surprisingly, other neurocutaneous syndromes such 
as TSC and neurofibromatosis type 1 (112). Why such 
a profound change occurs primarily unilaterally in the 
developing brain of patients with hemimegalencephaly is 
not yet understood. There is a report of microscopic evi-
dence of abnormal development on the side contralateral 
to the large hemispheric malformation (113), the reason 
for which is also not known. Epilepsy inevitably occurs 
in patients with hemimegalencephaly, with a large num-
ber of infants presenting with severe neonatal seizures, 
and hemispherectomy is often a necessary component of 
seizure management (100).

Abnormal neoplastic proliferation—developmental 
tumors. As listed in Table 6-3, DNET, ganglioglioma, 
and gangliocytoma are the developmental tumors associ-
ated with abnormal proliferation of progenitor cells and 

FIGURE 6-3

This coronal T2 fast spin echo inversion recovery (FSEIR) image 
is from the MRI of a patient with focal seizures due to a trans-
mantle dysplasia, a subtype of focal cortical dysplasia (arrow). 
This malformation of cortical development likely reflects a focal 
abnormality at the proliferative stage of brain development.
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associated with epilepsy. As previously detailed in the 
section on Epidemiology, they are reported with varying 
frequency in series of children undergoing epilepsy sur-
gery (17–19). The line between such nonneoplastic lesions 
as FCD and this group of neoplastic lesions remains to 
be better defined by detailed comparative pathological 
and molecular studies of the two groups.

Disorders of Neuronal Migration and 
Cortical Lamination

Disorders of neuronal migration include a group of dis-
orders with macroscopic disruptions in cortical architec-
ture, resulting in either absent or profoundly abnormal 
cortical lamination. Classic examples in this category 
include lissencephaly as well as the X-linked conditions 
of double cortex syndrome and periventricular hetero-
topia, discussed in detail subsequently. In Table 6-3 we 
have subdivided this category slightly differently from 
Barkovich and colleagues (19) to highlight that disrupt-
ing the two different streams of migration—radial and 
tangential—can result in different phenotypes.

Theoretically, a disruption at the earlier stage of pro-
liferation could establish an abnormal substrate of neurons 
and glia, leading to abnormalities in migration and lamina-
tion. For the disorders in this group, it is helpful to concep-
tualize them as those with a dominant defect in migration 

with possible origin from an earlier defect or with defects 
at both the proliferation and migration stages. Indeed, 
molecular evidence from studies of LIS1, a gene classically 
associated with neuronal migration, demonstrates a role 
for the gene at the stage of progenitor proliferation in the 
developing mammalian brain (114). That these disorders 
that are primarily attributed to defects in radial migra-
tion are also associated with abnormalities in gyral folding 
emphasizes that defects in early stages of development will 
result in disruption of later stages.

Abnormal radial migration—classical lissencephaly 
and subcortical heterotopia. Classic examples of these mal-
formations of cortical development include the conditions 
of lissencephaly and double cortex syndrome, representing 
abnormal radial migration of neurons. Lissencephaly, mean-
ing “smooth brain,” affects the entire cortex but can do 
so variably depending on the underlying genetic etiology. 
It is helpful to think of classical, or type I, lissencephaly 
as agyria-pachygyria with either an anterior-posterior or 
posterior-anterior gradient of smoothness (115). Epilepsy 
and severe mental retardation are nearly universal features 
of classical lissencephaly. On the other hand, females with 
double cortex syndrome, or bilateral subcortical band het-
erotopia, typically have mild to moderate mental retardation 
and epilepsy that is generally less severe than in individuals 
with lissencephaly (116, 117)

Classical lissencephaly occurs in both males and 
females. When a genetic cause can be identified, it is 
most often a deletion or mutation in the LIS1 gene (120).
Figure 6-5 presents the MRI from a patient with 
lissencephaly due to a mutation in the LIS1 gene and 
symptomatic generalized epilepsy. The posterior-
predominant agyria accompanied by anterior pachygyria 
is typical of LIS1-associated lissencephaly. When there is 
a deletion of LIS1 and other genes in the 17p13.3 region, 
the affected individuals have not only lissencephaly and 
its consequences but also the dysmorphic features that are 
characterized as the Miller-Dieker syndrome (119).

Classical lissencephaly in males also occurs as a 
result of mutations in the DCX gene (78, 79). Females 
with DCX mutations typically display double cortex 
syndrome, and their male offspring have a 50% risk of 
inheriting a mutated form of DCX and presenting with 
classical lissencephaly. Mutations include single amino 
acid substitutions as well as protein-truncating muta-
tions, and somatic and germline mosaicism have been 
observed (120, 121). More recently, Guerrini and col-
leagues have shown that another phenotype, anteriorly 
predominant pachygyria and mental retardation, can 
be associated with DCX mutations as well; pharma-
coresistant epilepsy occurred in all of the affected boys 
described (122). Figure 6-6 shows a range of patients 
with mutations in the DCX gene, including classical 
lissencephaly in a boy, pachygyria in a boy, and double 
cortex in a girl.

FIGURE 6-4

This axial T2 MR image from a child with intractable 
localization-related epilepsy shows right-sided hemimega-
lencephaly. The entire right hemisphere is larger than the 
left, and there are abnormalities involving the gray and white 
matter (R: right, L: left).
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yet to be identified, and the focal nature of these lesions 
makes them attractive candidates for epilepsy surgery, 
though long-term outcome data are not available.

Abnormal radial overmigration—cobblestone 
lissencephaly. Type II lissencephaly, or cobblestone lissen-
cephaly, may resemble classical lissencephaly radiologically 

Focal abnormalities of migration, such as focal subcor-
tical heterotopia, are also seen in association with refractory 
epilepsy (123). An example is shown in Figure 6-7, which 
shows an image from the MRI of a patient with subcorti-
cal heterotopia, adjacent abnormal cortex, and also focal 
regions of periventricular heterotopia in the contralateral 
hemisphere. Genetic causes of subcortical heterotopia have 

FIGURE 6-5

An example of a disorder predominantly due to a defect in radial neuronal migration is shown in this MRI from a patient 
with lissencephaly due to a LIS1 mutation and symptomatic generalized epilepsy. An axial T2 image (a) and a sagittal T1 
image (b) are shown.

FIGURE 6-6

These axial images show a range of MRI abnormalities in patients with epilepsy and mutations in the DCX gene range from 
(a) lissencephaly in a boy, (b) pachygyria in a boy, and (c) double cortex in a girl. These cases illustrate global disruptions of 
neuronal migration.
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but represents a different pathophysiological entity that 
arises from an overmigration of neurons beyond the pial 
surface. There is a strong clinical association with cobble-
stone lissencephaly and congenital muscular dystrophy 
in conditions such as Walker-Warburg syndrome, muscle 
eye brain disease, and Fukuyama muscular dystrophy 
(124–126). Epilepsy is often an early component of these 
syndromes, which are also associated with other MRI 
abnormalities, varying degrees of mental retardation, and 
hypotonia. The pathophysiology of this group of disorders 
involves abnormal glycosylation of alpha-dystroglycan, as 
described in a recent review by Endo (127).

Abnormal radial migration—periventricular 
heterotopia. X-linked bilateral periventricular hetero-
topia (PH) provides another example of abnormal radial 
neuronal migration, in this case with the appearance of 
arrested or minimal migration of a subset of neurons 
from the ventricular zone during cortical development. 
Figure 6-8 is an MRI from a female patient with this 
form of malformation due to a mutation in the FLNA
gene on the X chromosome, the typical genetic abnormal-
ity associated with bilateral PH (84, 128). Females with 
bilateral PH usually have epilepsy, with age of onset in 
their teens or twenties and milder severity than patients 
with the other disorders of migration; cognition is often 

normal, though specific defects in reading ability have 
been identified (129). Less commonly, this condition can 
occur in males with a similar overall phenotype (128). 
Not all females with bilateral PH harbor mutations in 
FLNA (128); another gene that has been associated 
with PH is ARFGEF2, described in autosomal recessive 
pedigrees with PH and microcephaly (70) and classified 
by Barkovich and colleagues as a disorder of neuronal 
proliferation (19).

Abnormal radial and tangential neuronal migration—
XLAG. The last example in this section represents a 
disorder in which both radial and tangential migration of 
neurons is affected. X-linked lissencephaly with abnormal 
genitalia (XLAG) is the most severe phenotype described 
in association with mutations in the ARX gene (79). The 
lissencephaly is posterior-predominant, similar to clas-
sical lissencephaly seen with LIS1 mutations, and may 
be accompanied by agenesis of the corpus callosum and 
basal ganglia abnormalities (130). Also notable are ARX
mutations in nonsyndromic boys with infantile spasms 
without lissencephaly (131) but presumably with dis-
rupted migration at a microscopic level.

Disorders of Later Cortical Organization

Disorders of later cortical organization chiefly 
include polymicrogyria (PMG) and schizencephaly. FCD 
without balloon cells, and lesions that are evident only by 

FIGURE 6-7

MRI is shown from a patient with localization-related epi-
lepsy due to a large subcortical heterotopia with abnormal 
overlying cortex (arrowheads). The patient also had a small 
contralateral region of heterotopia (arrow), so these lesions 
appear to represent separate and asymmetric focal disruptions 
of neuronal migration.

FIGURE 6-8

This axial T1 spoiled gradient recalled (SPGR) MR image 
shows bilateral periventricular heterotopia in a female with 
a FLNA mutation, representing a disorder of radial neuronal 
migration.
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microscopic analysis, are included in this category as well. 
All of these conditions are associated with epilepsy.

PMG can be created experimentally by freeze lesions 
in rodent cortex (132), suggesting that local disruptions 
of either genes or the environment during human brain 
development could produce similar focal lesions in 
humans. PMG has also been associated with disorders 
of peroxisome function and with in utero exposure to 
cytomegalovirus (133, 134). Epilepsy has been a defining 
feature of the bilateral PMG syndromes, occurring in the 
vast majority of cases, and these conditions bear further 
discussion. It is the bilateral PMG syndromes that most 
strongly suggest a genetic etiology for PMG, and a repre-
sentative example is shown in Figure 6-9. Bilateral gener-
alized polymicrogyria affects most or all of the cortex and 
is associated with epilepsy in almost all patients; nearly 
half of the patients have macrocephaly (135), suggesting 
a possible disruption as early as the stage of proliferation. 
The bilateral perisylvian PMG (BPP) syndrome consists 
of epilepsy and a characteristic oromotor apraxia; epi-
lepsy occurs in nearly 90% of affected individuals (136). 
Genetic linkage studies of familial BPP suggest a locus 
on the X chromosome (137), and studies of pedigrees 
also suggest an autosomal dominant mode of inheritance 

(138). BPP has also been described in association with 
deletions of the 22q11 locus (139). Thus, BPP is clearly a 
genetically heterogeneous syndrome. The bilateral fronto-
parietal PMG (BFPP) syndrome—which includes epilepsy, 
mental retardation, dysconjugate gaze, and pyramidal 
signs—has been associated with mutations in the gene 
GPR56 (85, 140). Interestingly, in a series of 13 patients 
with a form of bilateral PMG restricted to the frontal 
regions, only five had epilepsy (141).

Schizencephaly is a cerebral malformation consisting 
of one or more clefts that span the depth of the cortex, from 
the lateral ventricle to the pial surface, and that are lined by 
gray matter (142). Similarly to polymicrogyria, schizenceph-
aly can occur unilaterally or bilaterally and can result from a 
variety of viral, vascular, or genetic abnormalities (86, 142, 
143). About half of the individuals affected are reported 
to have epilepsy, and as yet there is not a clear correlation 
between the type of schizencephaly and the occurrence or 
severity of epilepsy in these patients (144).

CONCLUSIONS

The majority of patients with cerebral cortical malfor-
mation will experience clinical epilepsy, often with onset 
during childhood. The clinical neurologist treating any 
patient with localization-related epilepsy or treating any 
child with presumed symptomatic epilepsy, should have 
a high index of suspicion for a malformation of cortical 
development as the etiology.

Understanding the mechanisms through which mal-
formations of cortical development occur will continue to 
teach us about normal brain development and will allow 
us to provide better explanations of causality to patients 
and their families. A detailed understanding of the genetic 
underpinnings of these malformations and the molecular 
basis of their epileptogenesis should ultimately lead to more 
refined and individualized approaches to treatment.
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FIGURE 6-9

Bilateral fronto-parietal PMG (BFPP) is often associated with 
mutations in the gene GPR56, as in the patient whose axial T2 
MRI is shown here. Note the increased apparent cortical thick-
ness in the regions of polymicrogyria in both frontal and parietal 
lobes. PMG is classified as a disorder of cortical organization.

References

 1. Barkovich AJ. Congenital malformations of the brain and skull. In: Pediatric Neuroimag-
ing. Philadelphia: Lippincott Williams and Wilkins, 2005; 291–439.

 2. Guerrini R, Andermann F, Canapicchi R, Roger J, et al., eds. Dysplasias of the cerebral 
cortex and epilepsy. Philadelphia: Lippincott-Raven, 1996.

 3. Engel J; International League Against Epilepsy (ILAE). A proposed diagnostic scheme 
for people with epileptic seizures and with epilepsy: report of the ILAE Task Force on 
Classification and Terminology. Epilepsia 2001; 42(6):796–803.

 4. Cockerell OC, Eckle I, Goodridge DM, Sander JW, et al. Epilepsy in a population of 
6000 re-examined: secular trends in first attendance rates, prevalence, and prognosis.
J Neurol Neurosurg Psychiatry 1995; 58(5):570–576.

 5. Cowan LD. The epidemiology of the epilepsies in children. Mental Retard Dev Disabil 
Res Rev 2002; 8(3):171–181.

 6. Hauser WA, Annegers JF, Kurland LT. Incidence of epilepsy and unprovoked seizures 
in Rochester, Minnesota: 1935–1984. Epilepsia 1993; 34(3):453–468.



6 • EPILEPTOGENIC CEREBRAL CORTICAL MALFORMATIONS 115

 7. Berg AT, Shinnar S, Levy SR, Testa FM, et al. Two-year remission and subsequent relapse 
in children with newly diagnosed epilepsy. Epilepsia 2001; 42(12):1553–1562.

 8. Taylor DC, Falconer MA, Bruton CJ, Corsellis JA. Focal dysplasia of the cerebral cortex 
in epilepsy. J Neurol Neurosurg Psychiatry 1971; 34(4):369–387.

 9. Palmini A, Andermann F, Olivier A, Tampieri D, et al. Focal neuronal migration disorders 
and intractable partial epilepsy: a study of 30 patients. Ann Neurol 1991; 30(6):741–749.

 10. Farrell MA, DeRosa MJ, Curran JG, Secor DL, et al. Neuropathologic findings in corti-
cal resections (including hemispherectomies) performed for the treatment of intractable 
childhood epilepsy. Acta Neuropathol (Berl) 1992; 83(3):246–259.

 11. Vinters HV. Histopathology of brain tissue from patients with infantile spasms. Int Rev 
Neurobiol 2002; 49:63–76.

 12. Sisodiya SM. Malformations of cortical development: burdens and insights from impor-
tant causes of epilepsy. Lancet Neurol 2004; (3):29–38.

 13. Sisodiya SM, Fish DR. Structural neuroimaging in the presurgical evaluation of patients 
with malformations of cortical development and neurocutaneous syndromes. In: Luders 
HO, Comair YG, eds. Epilepsy Surgery. Philadelphia: Lippincott Williams and Wilkins, 
2001; 239–246.

 14. Wieshmann UC. Clinical application of neuroimaging in epilepsy. J Neurol Neurosurg 
Psychiatry 2003; 74(4):466–470.

 15. Li LM, Fish DR, Sisodiya SM, Shorvon SD, et al. High resolution magnetic resonance 
imaging in adults with partial or secondary generalised epilepsy attending a tertiary 
referral unit. J Neurol Neurosurg Psychiatry 1995; 59(4):384–387.

 16. Kuzniecky R, Murro A, King D, Morawetz R, et al. Magnetic resonance imaging in childhood 
intractable partial epilepsies: pathologic correlations. Neurology 1993; 43(4):681–687.

 17. Pasquier B, Peoc’h M, Barnoud R, Pasquier T, et al. Surgical pathology of cortical 
dysplasia, tuberous sclerosis, and dysembryoplastic neuroepithelial tumours: experience 
with 55 cases in a recent series of 230 patients with chronic epilepsy. In: Spreafico R, 
Avanzini G, Andermann F, eds. Abnormal Cortical Development and Epilepsy: from 
Basic to Clinical Science. London: John Libbey, 1999; 227–240.

 18. Sinclair DB, Wheatley M, Aronyk K, Hao C, et al. Pathology and neuroimaging in pediatric 
temporal lobectomy for intractable epilepsy. Pediatric Neurosurgery 2001; 35:239–246.

 19. Barkovich AJ, Kuzniecky RI, Jackson GD, Guerrini R, et al. A developmental and genetic clas-
sification for malformations of cortical development. Neurology 2005; 65(12):1873–1887.

 20. Vinters HV, De Rosa MJ, Farrell MA. Neuropathologic study of resected cerebral tissue 
from patients with infantile spasms. Epilepsia 1993; 34(4):772–779.

 21. Wyllie E, Comair YG, Kotagal P, Raja S, et al. Epilepsy surgery in infants. Epilepsia
1996; 37(7):625–637.

 22.  Vinters HV, Fisher RS, Cornford ME, Mah V, et al. Morphological substrates of infantile 
spasms: studies based on surgically resected cerebral tissue. Childs Nerv Syst 1992; 
8(1):8–17.

 23. Sankar R, Curran JG, Kevill JW, Rintahaka PJ, et al. Microscopic cortical dysplasia 
in infantile spasms: evolution of white matter abnormalities. Am J Neuroradiol 1995; 
16(6):1265–1272.

 24. Keene D, Jimenez C, Ventureyra E. Cortical microdysplasia and surgical outcome in 
refractory epilepsy of childhood. Pediatr Neurosurg 1998; 29:69–72.

 25. Russo GL, Tassi L, Cossu M, Cardinale F, et al. Focal cortical resection in malformations 
of cortical development. Epileptic Disord 2003; 5 Suppl 2:S115–S123.

 26. Porter BE, Judkins AR, Clancy RR, Duhaime A, et al. Dysplasia: a common finding in 
intractable pediatric temporal lobe epilepsy. Neurology 2003; 61(3):365–368.

 27. Sinclair DB, Aronyk K, Snyder T, McKean JD, et al. Extratemporal resection for child-
hood epilepsy. Pediatr Neurol 2004; 30(3):177–185.

 28. Said RR, Poduri A, Bundock EA, Black PM, et al. Non-lesional focal epilepsy surgery: 
pathology identifies focal cortical dysplasia, gliosis, and mesial temporal sclerosis. Ann
Neurol 2004; 58(S8):S112 (abstract).

 29. Chugani HT, Shewmon DA, Shields WD, Sankar R, et al. Surgery for intractable infantile 
spasms: neuroimaging perspectives. Epilepsia 1993; 34(4):764–771.

 30. Mochida G. Cortical malformation and pediatric epilepsy: a molecular genetic approach. 
J Child Neurol 2005; 20:300–303.

 31. Tassi L, Colombo N, Garbelli R, Francione S, et al. Focal cortical dysplasia: neuropathologi-
cal subtypes, EEG, neuroimaging and surgical outcome. Brain 2002; 125(8):1719–1732.

 32. Garbelli R, Pasquier B, Minotti L, Tassi L, et al. Immunocytochemical studies in epilep-
togenic dysplastic tissue. In Spreafico R, Avanzini G, Andermann F, et al, eds. Abnormal
Cortical Development and Epilepsy: From Basic to Clinical Science. London: John 
Libbey, 1999; 241–252.

 33. Arai Y, Edwards V, Becker LE. A comparison of cell phenotypes in hemimegalencephaly 
and tuberous sclerosis. Acta Neuropathol 1999; 98(4):407–413.

 34. Flores-Sarnat L, Sarnat HB, Dávila-Gutiérrez G, Alvarez A. Hemimegalencephaly: part 2. Neu-
ropathology suggests a disorder of cellular lineage. J Child Neurol 2003; 18(11):776–785.

 35. Yamanouchi H, Zhang W, Jay V, Becker LF. Enhanced expression of microtubule-associ-
ated protein 2 in large neurons of cortical dysplasia. Ann Neurol 1996; 39(1):57–61.

 36. Palmini A, Najm I, Avanzini G, Babb T, et al. Terminology and classification of the 
cortical dysplasias. Neurology 2004; 62(6 Suppl 3):S2–8.

 37. Foldvary-Schaefer N, Bautista J, Andermann F, Cascino G, et al. Focal malformations 
of cortical development. Neurology 2004; 62(6 Suppl 3):S14–19.

 38. Widdess-Walsh P, Kellinghaus C, Jeha L, Kotagal P, et al. Electro-clinical and imag-
ing characteristics of focal cortical dysplasia: correlation with pathological subtypes. 
Epilepsy Res 2005; 67(1–2):25–33.

 39. Chevassus-au-Louis N, Congar P, Represa A, Ben-Ari Y, et al. Neuronal migration 
disorders: heterotopic neocortical neurons in CA1 provide a bridge between the hip-
pocampus and the neocortex. Proc Natl Acad Sci U S A 1998; 95:10263–10268.

 40. Tsuru A, Mizuguchi M, Uyemura K, Becker LE, et al. Immunohistochemical expression of 
cell adhesion molecule L1 in hemimegalencephaly. Pediatr Neurol 1997; 16(1):45–49.

 41. Nakanishi S. Molecular diversity of glutamate receptors and implications for brain 
function. Science 1992; 258(5082):597–603.

 42. Najm I, Ying Z, Babb T, Crino PB, et al. Mechanisms of epileptogenicity in cortical 
dysplasias. Neurology 2004; 62(6 Suppl 3):S9–13.

 43. Ying Z, Babb TL, Comair YG, Bingaman W, et al. Induced expression of NMDAR2 
proteins and differential expression of NMDAR1 splice variants in dysplastic neurons 
of human epileptic neocortex. J Neuropathol Exp Neurol 1998; 57(1):47-62.

 44. Najm IM, Ying Z, Babb T, Bingaman W, et al. Epileptogenicity correlated with increased 
N-methyl-D-aspartate receptor subunit NR2A/B in human focal cortical dysplasia. 
Epilepsia 2000; 41(8):971–976.

 45. André VM, Flores-Hernández J, Cepeda C, Starling AJ, et al. NMDA receptor alterations 
in neurons from pediatric cortical dysplasia tissue. Cereb Cortex 2004; 14:634–646.

 46. Crino PB, Duhaime AC, Baltuch G, White R. Differential expression of glutamate and 
GABA-A receptor subunit mRNA in cortical dysplasia. Neurology 2001; 56(7):906–913.

 47. Ferrer I, Oliver B, Russi A, Casas R, et al. Parvalbumin and calbindin-D28k immunocy-
tochemistry in human neocortical epileptic foci. J Neurol Sci 1994; 123(1–2):18–25.

 48. Swann JW. Synaptogenesis and epileptogenesis in developing neural networks. In 
Schwartzkroin PA, Moshé SL, Noebels JL, Swann JW, eds. Brain Development and 
Epilepsy. New York: Oxford University Press, 1995.

 49. Brooks-Kayal AR. Rearranging receptors. Epilepsia 2005; 46 Suppl 7:29–38.
 50. Jacobs KM, Khazaria VN, Prince DA. Mechanisms underlying epileptogenesis in cortical 

malformations. Epilepsy Res 1999; 36:165–188.
 51. Kim SK, Wang KC, Hong SJ, Chung CK, et al. Gene expression profile analyses of 

cortical dysplasia by cDNA arrays. Epilepsy Res 2003; 56(2–3):175–183.
 52. Rakhade SN, Yao B, Ahmed S, Asano E, et al. A common pattern of persistent gene 

activation in human neocortical epileptic foci. Ann Neurol 2005; 58(5):736–747.
 53. Yu J, Baybis M, Lee A, McKhann G, et al. Targeted gene expression analysis in hemimega-

lencephaly: activation of beta-catenin signaling. Brain Pathol 2005; 15(3):179–186.
 54. Poduri A, Beroukhim R, Apse K, Bourgeois BFD, et al. Single nucleotide polymorphism 

analysis suggests increased allele copy number at chromosome 1q in focal malformations 
of cortical development. Epilepsia 2005; 46(suppl 8):370 (abstract).

 55. Dalla Bernardina B, Perez-Jimenez A, Fontan A, et al. Electroencephalographic findings 
associated with cortical dysplasias. In Guerrini R, Andermann F, Canapicchi R, et al., eds. 
Dysplasias of the Cerebral Cortex and Epilepsy. Philadelphia: Lippincott-Raven, 1996.

 56. Gambardella A, Palmini A, Andermann F, Dubeau F, et al. Usefulness of focal rhythmic 
discharges on scalp EEG of patients with focal cortical dysplasia and intractable epilepsy. 
Electroencephalogr Clin Neurophysiol 1996; 98(4):243–249.

 57. Kuzniecky R, Guthrie B, Mountz J, Bebin M, et al. Intrinsic epileptogenesis of hypo-
thalamic hamartomas in gelastic epilepsy. Ann Neurol 1997; 42(1):60–67.

 58. Kothare SV, VanLandingham K, Armon C, Luther JS, et al. Seizure onset from periventric-
ular nodular heterotopias: depth-electrode study. Neurology 1998; 51(6):1723–1727.

 59. Tassi L, Colombo N, Cossu M, Mai R, et al. Electroclinical, MRI and neuropathologi-
cal study of 10 patients with nodular heterotopia, with surgical outcomes. Brain 2005; 
128(Pt 2):321–37.

 60. Chassoux F, Devaux B, Landré E, Turak B, et al. Stereoelectroencephalography in focal 
cortical dysplasia: a 3D approach to delineating the dysplastic cortex. Brain 2000; 
123(8):1733–1751.

 61. Palmini A, Gambardella A, Andermann F, et al. The human dysplastic cortex is intrinsi-
cally epileptogenic. In Guerrini R, Andermann F, Canapicchi R, et al, eds. Dysplasias of 
the Cerebral Cortex and Epilepsy. Philadelphia: Lippincott-Raven, 1996.

 62. Andermann F. Cortical dysplasias and epilepsy: a review of the architectonic, clinical, and 
seizure patterns. Adv Neurol 2000; 84:479–496.

 63. Rosenow F, Lüders HO, Dinner DS, Prayson RA, et al. Histopathological correlates of 
epileptogenicity as expressed by electrocorticographic spiking and seizure frequency. 
Epilepsia 1998; 39(8):850–856.

 64. Palmini A, Gambardella A, Andermann F, Dubeau F, et al. Intrinsic epileptogenicity of 
human dysplastic cortex as suggested by corticography and surgical results. Ann Neurol
1995; 37(4):476–487.

 65. Raymond AA, Fish DR, Sisodiya SM, Alsanjari N, et al. Abnormalities of gyration, het-
erotopias, tuberous sclerosis, focal cortical dysplasia, microdysgenesis, dysembryoplastic 
neuroepithelial tumour and dysgenesis of the archicortex in epilepsy. Clinical, EEG and 
neuroimaging features in 100 adult patients. Brain 1995; 118 (Pt 3):629–660.

 66. Barkovich AJ, Kuzniecky RI, Dobyns WB, Jackson GD, et al. A classification scheme 
for malformations of cortical development. Neuropediatrics 1996; 27(2):59–63.

 67. Jackson AP, Eastwood H, Bell SM, Adu J, et al. Identification of microcephalin, a 
protein implicated in determining the size of the human brain. Am J Hum Genet 2002; 
71(1):136–142.

 68. Bond J, Scott S, Hampshire DJ, Springell K, et al. Protein-truncating mutations in ASPM
cause variable reduction in brain size. Am J Hum Genet 2003; 73(5):1170–1177.

 69. Shen J, Eyaid W, Mochida GH, Al-Moayyad F, et al. ASPM mutations identified in 
patients with primary microcephaly and seizures. J Med Genet 2005; 42(9):725–729.

 70. Sheen VL, Ganesh VS, Topcu M, Sebire G, et al. Mutations in ARFGEF2 implicate 
vesicle trafficking in neural progenitor proliferation and migration in the human cerebral 
cortex. Nat Genet 2004; 36(1):69–76.

 71. Viskochil D, Buchberg AM, Xu G, Cawthon RM, et al. Deletions and a translocation inter-
rupt a cloned gene at the neurofibromatosis type 1 locus. Cell 1990; 62(1):187–192.

 72. Tatton-Brown K, Rahman N. Clinical features of NSD1-positive Sotos syndrome. Clin
Dysmorphol 2004; 13(4):199–204.

 73. Liaw D, Marsh DJ, Li J, Dahia PL, et al. Germline mutations of the PTEN gene in Cowden 
disease, an inherited breast and thyroid cancer syndrome. Nat Genet 1997; 16(1):64–67.

 74. Haines JL, Short MP, Kwiatkowski DJ, Jewell A, et al. Localization of one gene for 
tuberous sclerosis within 9q32–9q34, and further evidence for heterogeneity. Am J Hum 
Genet 1991; 49(4):764–772.

 75. The European Chromosome 16 Tuberous Sclerosis Consortium. Identification and 
characterization of the tuberous sclerosis gene on chromosome 16. Cell 1993; 75(7):
1305–1315.



I • BASIC MECHANISMS116

 76. Reiner O, Carrozzo R, Shen Y, Wehnert M, et al. Isolation of a Miller-Dieker lissenceph-
aly gene containing G protein �-subunit-like repeats. Nature 1993; 364:717–721.

 77. Hong SE, Shugart YY, Huang DT, Shahwan SA, et al. Autosomal recessive lissencephaly 
with cerebellar hypoplasia is associated with human RELN mutations. Nat Genet 2000; 
26(1):93–96.

 78. des Portes V, Pinard JM, Billuart P, Vinet MC, et al. A novel CNS gene required for 
neuronal migration and involved in X-linked subcortical laminar heterotopia and lis-
sencephaly syndrome. Cell 1998; 92(1):51–61.

 79. Kitamura K, Yanazawa M, Sugiyama N, Miura H, et al. Mutation of ARX causes 
abnormal development of forebrain and testes in mice and X-linked lissencephaly with 
abnormal genitalia in humans. Nat Genet 2002; 32(3):359–369.

 80. Gleeson JG, Allen KM, Fox JW, Lamperti ED, et al. Doublecortin, a brain-specific 
gene mutated in human X-linked lissencephaly and double cortex syndrome, encodes a 
putative signaling protein. Cell 1998; 92(1):63–72.

 81. Beltran-Valero de Bernabé D, Currier S, Steinbrecher A, Celli J, et al. Mutations in the 
O-mannosyltransferase gene POMT1 give rise to the severe neuronal migration disorder 
Walker-Warburg syndrome. Am J Hum Genet 2002; 71(5):1033–1043.

 82. van Reeuwijk J, Janssen M, van den Elzen C, Beltran-Valero de Bernabé D, et al. POMT2
mutations cause alpha-dystroglycan hypoglycosylation and Walker-Warburg syndrome. 
J Med Genet 2005; 42(12):907–912.

 83. Yoshida A, Kobayashi K, Manya H, Taniguchi K, et al. Muscular dystrophy and neuronal 
migration disorder caused by mutations in a glycosyltransferase, POMGnT1. Dev Cell
2001; 1(5):717–724.
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Genetic Influences on the 
Risk for Epilepsy

INTRODUCTION

Of the many neurologic disorders affecting humans, 
epilepsy has been recognized since antiquity, with 
well-documented references in records dating back to 
the Mesopotamians. The word epilepsy is derived from 
the Greek verb epilambanein, which means “to seize or 
attack”; that is, a seizure was taken to mean that the 
patient was being literally seized by gods or demons, and 
hence the condition was given the status of a “sacred 
disease” in medical writings that date back to 400 B.C.
However, in lay society the diagnosis of epilepsy has spelt 
fear, hopelessness, social stigma, and isolation.

Epilepsy is a heterogeneous disorder with diverse eti-
ologies, affecting nearly 1% of the world population (1). 
In the last century, epidemiological studies of families 
and twins with epilepsy have provided incontrovertible 
evidence in support of a genetic contribution to the risk 
of developing certain epilepsies. The discovery of the first 
single-gene defect underlying idiopathic epilepsy was 
made in 1995 (mutation in a gene coding for a neuronal 
nicotinic cholinergic receptor, leading to autosomal domi-
nant nocturnal frontal lobe epilepsy). The subsequent 
identification of other gene defects has provided added 
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evidence to support the role played by genetic susceptibil-
ity in the development of human epilepsy.

The relatively recent breakthroughs in gene-sequenc-
ing technologies, accompanied by development of animal 
models and bioinformatics, have speeded up the identi-
fication of new gene defects underlying the many epi-
lepsy syndromes. These have been summarized in several 
reviews in recent years (2–4). Though a long list of gene 
defects and mutations associated with human epilepsy is 
presently known, these are mostly monogenic disorders 
that are rare; a complete understanding of the genetic 
basis of the more common epilepsies remains a distant 
goal. The large majority of individuals affected with epi-
lepsy do not have affected relatives, nor do they have 
a family pedigree that is consistent with the traditional 
Mendelian patterns of inheritance. Epileptic disorders 
such as those currently considered under the umbrella 
of idiopathic generalized epilepsies (IGE) are now con-
sidered as genetically complex as to their inheritance 
patterns and expression. In this chapter we explore the 
implications of considering human epilepsy as a complex 
disorder and how genetic studies can shed light on our 
understanding of the risk of developing epilepsy in the 
clinical setting.
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MENDELIAN VERSUS COMPLEX 
INHERITANCE: HISTORICAL BACKGROUND

Before proceeding to a discussion of the genetic influ-
ences in human epilepsy, it might be useful to introduce 
readers to the basic issues on how inheritance plays a role 
in epilepsy. Mendel in 1866 had worked out inheritance 
patterns and rules applicable to the segregation of dis-
tinct features termed “traits.” The traits Mendel studied 
focused on were qualitative differences (nature of the 
skin on the seeds, or color of the flowers); it soon became 
evident that many traits in the general population did not 
follow these rules of segregation. Galton and Pearson in 
the 1900s observed that quantitative traits (e.g., growth 
parameters and IQ scores) followed a Gaussian (nor-
mal) distribution among offspring, thus raising contradic-
tions to Mendel’s conclusions. The work of Sir Ronald 
Fisher was instrumental in providing an explanation to 
this apparent contradiction. His work showed that the 
observed effects in the case of quantitative traits could 
be explained through the involvement of multiple genes 
that carried small effects, which acted in an additive man-
ner (5). The influence of environmental factors was also 
recognized, and the cumulative additive effects of the 
combination tended to nudge the resultant effect toward 
a normative (Gaussian) distribution. This model, called 
“multifactorial and polygenic,” was extended to explain 
disorders such as epilepsy by Falconer. He postulated a 
normal distribution of risk in the form of a nonmeasur-
able quantity termed “liability” that led to people being 
affected if the liability crossed a particular “threshold.” In 
the case of epilepsy this could be considered as a “seizure 
threshold” (6). Other factors such as age, sex, puberty, 
or pregnancy can influence this threshold. Idiopathic epi-
lepsy occurs with higher frequency in relatives of affected 
individuals; yet the different types do not conform to the 
expected frequencies for Mendelian traits. In these epilep-
sies, inheritance is considered to be multifactorial, where 
intrinsic susceptibility genes interact with environmental 
factors, producing a particular seizure phenotype (7).

CAUSES OF EPILEPSY

Broadly, epilepsy can be categorized on the basis of etiology 
(Figure 7-1) as symptomatic (a clear etiology can be dem-
onstrated, such as a tumor, cortical dysplasia, or scarring), 
cryptogenic (a cause is suspected on the basis of associ-
ated neurologic features but remains hidden), or idiopathic 
(the individual appears to be normal on neurologic assess-
ment, and no cause other than a hereditary predisposition 
established). Etiologies in the symptomatic category can 
be attributed to chromosomal aberrations (Angelman syn-
drome, Wolff-Hirschhorn syndrome) or single-gene defects 
for conditions such as tuberous sclerosis or  lissencephaly. 

Though the epilepsy phenotypes encountered here are highly 
variable, these disorders display typical Mendelian inheritance 
patterns, wherein mutations at a single locus can explain the 
pattern of segregation of the disease within families. It is pos-
sible to list a large number of disorders of this type, but these 
conditions are uncommon in clinical practice and account 
for �1% of cases of genetic epilepsies.

At least 40–50% of all epilepsies are considered to 
belong to the category of idiopathic epilepsy (i.e., with a 
presumed genetic basis). In the case of idiopathic epilep-
sies, it is now clear that inheritance patterns can involve 
a monogenic (single-gene defects), oligogenic (few genes), 
or polygenic (many genes) models. Even within the mono-
genic epilepsies the relationship between gene defect and 
clinical phenotype is susceptible to modification by “epi-
genetic factors.” These factors modify the penetrance of 
the gene, often resulting in fewer than expected recur-
rences within families. The disorders displaying polygenic 
or a complex inheritance pattern display marked phe-
notypic variability (intrafamilial as well as interfamil-
ial), and recurrence of the trait and its expression within 
families is much harder to predict.

Genetic inheritance patterns not conforming to 
classic Mendelian inheritance have also been recognized 
in the epilepsies. The mechanisms of genetic transmis-
sion in these conditions include triplet and dodecamer 
expansions and mitochondrial inheritance involving non-
nuclear (mitochondrial) genome.

GENETIC INFLUENCES IN EPILEPSY

The importance of heredity in epilepsy has been recog-
nized for more than a century. Gowers estimated a figure
of around 30% in his case series as having a heritable 
form of epilepsy in his treatise on Epilepsy and Other 
Convulsive Disorders (8). In the early part of the twen-
tieth century this idea was further explored in family 
studies using electroencephalography (EEG) in the iden-
tification of individuals with an epileptic trait (9). By the 
end of the twentieth century, different lines of evidence 
came to strongly support a genetic basis to several forms 
of common epilepsies. These lines of evidence included (1) 
linkage analysis and positional cloning of susceptibility 
genes as well as candidate genes, (2) molecular studies of 
single-gene defects associated with human epilepsy, and 
in animal models, (3) aggregation studies in families and 
twins, and finally (4) association studies (10).

Linkage Analysis

Linkage studies have traditionally provided the lead in the 
identification of susceptibility genes in monogenic as well 
as complex phenotypes of epilepsy (11). Typically, classic 
linkage analysis requires large family sizes, with multiple 
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FIGURE 7-1

Genetic influences in human epilepsies; modes of inheritance and examples. BFNC 	 benign familial neonatal convulsions, 
BFNIS 	 Benign Familial Infantile Seizures, SMEI 	 Severe Myoclonic Epilepsy of Infancy, GEFS� 	 Generalized Epilepsy 
with Febrile Seizures�, JME 	 Juvenile Myoclonic Epilepsy, IGE 	 Idiopathic Generalized Epilepsy, ADNFLE 	 Autosomal
Dominant Nocturnal Frontal Lobe Epilepsy, ADPEAF = Autosomal Dominant Partial Epilepsy with Auditory Features.
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affected individuals (multiplex families) or many families 
that may share the same mutation and clinical phenotype. 
Using this approach several loci have been linked with dif-
ferent partial epilepsy syndromes for, for example, nocturnal 
frontal lobe epilepsy (NFLE), autosomal dominant partial 
epilepsy with auditory features (ADPEAF), and the syn-
drome of benign familial neonatal convulsions (BFNC).

However, this approach seems to work less well for 
the situations where there may be incomplete penetrance 
or presence of multiple phenocopies (relatives with epi-
lepsy caused by etiologies other than genetic). Although 
it is possible to adopt nonparametric approaches, studies 
carried out lacked sufficient power to detect the weaker 
susceptibility genes in the complex epilepsies. Thus, suc-
cess with this approach has been limited.

Single-Gene Defects in Human Epilepsy, Animal 
Models, and Molecular Studies of Mutations

Single-gene defects are rare as causes of epilepsy and consti-
tute a heterogeneous group of metabolic, degenerative con-
ditions or malformations of cortical development in which 
epilepsy is often part of a much wider disorder. However, 
identification of single-gene defects in selected forms of 
idiopathic epilepsy has provided useful insights into epi-
leptogenesis. The concept of epilepsy as a “channelopa-
thy” was supported by the identification of mutations in 
voltage- and ligand-gated ion channels underlying BFNC; 
generalized epilepsy with febrile seizures plus (GEFS�) and 
severe myoclonic epilepsy of infancy (SMEI) as discussed 
later in this chapter. Genotype-phenotype correlations in 
these disorders have led to the conclusion that genetic het-
erogeneity is considerable, even in single-gene defects lead-
ing to inherited epilepsy. Mutations in different genes have 
been found to cause the same epilepsy syndrome (locus 
heterogeneity), while mutations in the same gene have been 
known to be associated with completely different epilepsy 
phenotypes (allelic heterogeneity) (Figure 7-2).

Additional insight has been gained through stud-
ies of the molecular aspects of epileptogenesis in these 
monogenic disorders, and the study of animal models 
of epilepsy. The structure and subunit composition of 
membrane channels, synapses, neurotransmitters, and 
receptors (proteins involved in cell signaling and trans-
port) have yielded and confirmed several targets affected 
by gene mutations leading to epilepsy.

Mouse models of epilepsy (both transgenic models 
and mice with spontaneous seizures) have led to the iden-
tification of many epilepsy genes. Broadly these genes are 
involved in the regulation of (1) neuronal differentiation, 
migration, and cerebral morphogenesis; (2) membrane 
excitability (ion- and ligand-gated channels, neurotrans-
mitter biosynthesis, release and reuptake) (3) intracellular 
pathways of intermediary metabolism, protein synthesis, 
degradation, and cellular homeostasis) (12).

Aggregation Studies

Strong support for a genetic basis for several epilepsies is 
also provided by studies of concordant rates of epilepsy in 
twin pairs. The concordance rate for IGE among mono-
zygotic twins is up to 95% (13). The risk of occurrence 
of IGE in first-degree relatives of affected individuals is 
about 8–12%, and shows a significant drop to 1–2% in 
second-degree relatives. These risk assessments are very 
suggestive of an oligogenic pattern of inheritance (14).

Whereas monozygotic twins share an identical 
genotype, dizygotic twins are as different in genotype as 
siblings. However, both types of twinning share a similar 
environment in utero. So if two cotwins (in a monozy-
gotic pair) share a given disorder at a greater frequency 
than two cotwins of a dizygotic pair, the inference drawn 
supports a strong role for genetic factors in disease cau-
sation. Concordance rates for both febrile and afebrile 
seizures are consistently higher in monozygotic twins as 
compared to dizygotic twins (13, 15–17) (Table 7-1).

Using the Danish population–based twin registry at 
the University of Southern Denmark, 34,076 twins were 
screened for epilepsy. A total of 214 pairs with epileptic 
seizures (single seizure events, febrile seizures included), 
and 190 pairs with epilepsy (recurrent unprovoked sei-
zures, 2 or more events) were identified. Higher concor-
dance rates were found in monozygotic over dizygotic 
twins for epileptic seizures (0.56 vs. 0.21, p � 0.001) 
and for epilepsy (0.49 vs. 0.16, p � 0.001). In terms 
of epilepsy syndromes, concordance rates were higher 
for monozygotic twins for both generalized epilepsy 
(0.65 vs. 0.12) and for localization related epilepsy (0.30 
vs. 0.10), but significantly more for the former (17, 18). 
Similar findings of higher concordance rates in monozy-
gotic twins over dizygotic twins for seizure are reported 
in a larger recent multinational study combining data 
from twin registries of Denmark, Norway, and the United 
States (18a). The data from this larger sample is likely 
to provide even stronger support for a genetic basis for 
epileptic seizures.

Association Studies

Association studies permit the examination of the associa-
tion of different alleles at different loci between unrelated 
individuals using a genetic marker such as single nucleotide 
polymorphisms (SNPs). An allele can be considered to be 
associated with the disease if its frequency in cases is higher 
than in controls, greater than predicted through chance 
alone. Such an association favors linkage disequilibrium 
(LD). Association studies have the ease of case collection 
and enabling greater statistical power. However, there are 
limitations to this approach, because mere association does 
not imply causation. The findings have to be replicable 
and have to fulfill biological plausibility in order to be 
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TABLE 7-1
Concordance Rate for Epilepsy among Monozygotic and Dizygotic Twin Pairs

STUDY AUTHORS NATURE  POPULATION PROBANDWISE CONCORDANCE

OF EPILEPSY IN PROBAND  COHORTS RATES IN TWINS

   MONOZYGOTIC DIZYGOTIC

Sillanpaa et al, 1991 (16) Epilepsy Finnish 0.10 0.05
Corey et al, 1991 (15) Epilepsy Norwegian 0.19 0.07
 Febrile seizures Virginia 0.33 0.11
Berkovic et al, 1998 (13) Generalized epilepsy Australian  0.82 0.26
 Localization related  0.36 0.05
Kjeldsen et al,  2003 (17) Generalized epilepsy Danish 0.65 0.12
 Localization related  0.30 0.10

FIGURE 7-2

Locus heterogeneity and allelic heterogeneity in epilepsy phenotypes. SCN1A (Sodium channel, alpha 1 subunit), SCN2A 
(Sodium channel, alpha 2 subunit), GABRG2 (GABA receptor gamma2 subunit), SCN1B (Sodium channel, beta 1 subunit), 
CAE (Childhood Absence Epilepsy), SMEI (Severe Myoclonic Epilepsy of Infancy), GEFS+ (Generalized Epilepsy with Febrile 
Seizures plus), BFNIS (benign familial neonatal-infantile seizures).
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successful. Thus, these limitations have made association 
studies less popular, and have been regarded with greater 
skepticism than they once were. More recently there have 
been efforts to address these deficiencies through popula-
tion stratification, use of family controls, and the use of two 
independent datasets of cases and controls as well as using 
rigorous measures of statistical significance. The results of 
more than 50 association studies carried out to date have 
either led to conflicting and nonreplicable findings or have 
failed to meet the requirement of biologic plausibility.

The availability of a human genome map for SNPs 
(30,000 of them) will accelerate the use of whole-cell 
linkage disequilibrium techniques to detect association 
between a marker and the occurrence of disease (19). 
Such genomewide association studies are likely to inflate 
the number of associations reported. Whether the marker 
locus actually turns out to be the disease locus is depen-
dent on the potential confounding effects of variables 
such as the presence or absence of linkage disequilibrium 
and population stratification. Microarray technology will 
further strengthen and accelerate the process of under-
standing gene expression regulation, as well as levels and 
timing of expression, by allowing us to monitor mRNAs 
of multiple genes in parallel (20).

GENETICS OF EEG ABNORMALITIES

Any consideration of the heritability of epilepsy is incom-
plete without a brief consideration of the genetics of EEG 
abnormalities. The same lines of evidence as for epilepsy 
support the inheritance of EEG abnormalities as a genetic 
trait. Even normal EEG patterns and variants are known 
to aggregate within families and co-occur in monozy-
gotic twins. Studies have shown generalized spike wave 
discharges, photoparoxysmal responses, rolandic spikes, 
and multifocal spikes to conform to known inheritance 
patterns (21). However, EEG studies are complicated by 
problems related to sampling, because the occurrence of 
EEG abnormalities in a single record is influenced by many 
factors. Even in those with epilepsy, a single EEG record 
is likely to show abnormalities only 50% of the time. The 
association between epileptiform patterns on the EEG and 
the epilepsy syndromes in which they have been described 
are not considered to be invariable. In addition, lack of 
association between the presence of EEG abnormalities 
and clinically manifest epilepsy, as well as age-dependent 
penetrance of the trait, also act as confounders (10).

ROLE FOR EPIGENETIC FACTORS?

The enormous diversity of cells and organ systems, their 
constituent proteins, and their functions all arise from 
the same genetic code. The biological explanation for this 

diversity lies in understanding the process of modulation 
and regulation of gene expression during cell development 
and proliferation. The rapidly expanding field of epigenetics 
sheds new light on our understanding of cellular phenomena. 
Epigenetic processes do not affect the genetic code; however 
they modulate gene expression through changes in metage-
netic information. These processes are stable and are also 
passed on during mitotic cell division. DNA methylation 
is one example of an epigenetic control mechanism; other 
examples include histone hypoacetylation, chromatin modi-
fications, X-inactivation, and imprinting (22).

Through the addition of a methyl group to a CpG 
dinucleotide, the gene is effectively silenced. Thus, meth-
ylation and demethylation processes effectively function 
as off-on switches for gene expression. Rett syndrome, 
a neurodegenerative disorder with significant epileptic 
seizures, results from heterozygous mutations in the 
X-linked methyl CpG binding protein 2 (MeCP2) gene. 
The MeCP2 gene product functions as a transcriptional 
repressor by binding to methylated DNA. The genetic 
deregulation that follows the occurrence of mutations 
in the X linked MeCP2 genes has been shown to affect 
the expression of genes (UBE3A and GABRB3) at 
other locations (e.g., 15q11–q13, Angelman syndrome) 
through possible histone modifications (23, 24). Both 
Angelman and Rett syndromes share significant features 
of their clinical phenotype, particularly in the occur-
rence of epileptic seizures. The reduced expression of 
GABRB3, a GABA receptor gene, is particularly inter-
esting given the epilepsy phenotypes encountered in both 
Rett and Angelman syndromes. A better understanding 
of epigenetic factors no doubt will unravel many of the 
mysteries of variability in human epilepsy. Although 
the entire genome has been decoded, the information 
by itself is likely useless without understanding of the 
cellular processes involved in the timing and translation 
of this code.

Recent research using advances in genome scanning 
technology have shed light in characterizing structural 
variations in human DNA that are �1 Kb to �3 Mb in 
size along the human genome. These copy number varia-
tions (CNV) occur at high frequencies when compared to 
other classes of cytogenetically detected variations. These 
variants, existing in a heterozygous state, lie between neu-
tral polymorphisms and lethal mutations. Their position 
may directly interrupt genes or may influence neighboring 
gene function by virtue of a position effect. These CNVs 
or copy number polymorphisms (CNPs) are capable of 
influencing biochemical, morphologic, physiologic, and 
pathologic processes, thus yielding potentially new mecha-
nisms to explain diversity in human genetic diseases. CNVs 
and CNPs have been used to identify genetic susceptibility 
loci and potential candidate genes successfully for complex 
genetic disorders such as schizophrenia, autism, and severe 
speech and language disorder (25, 26). It is only a question 
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of time before such an approach will yield new information 
on the genetically complex epilepsies.

IDENTIFIED GENE DEFECTS IN 
IDIOPATHIC EPILEPSIES

Broadly these defects fall into two major categories: (1) 
gene defects expressed in excitatory or inhibitory ion 
channels (Table 7-2) and (2) non–ion channel genes. It 
is of interest to note that despite the involvement of many 
channels, the net effect achieved is an increase in the 
excitability of the neuronal membrane and its ability to 
sustain repetitive firing.

Mutations Affecting Ion Channel Genes

Evidence linking channel defects with specific epilepsy phe-
notype came with discovery of K channel mutations associ-
ated with the clinically defined syndromes of BFNC, while 
Na channel defects have been associated with the recently 
defined benign familial neonatal-infantile seizures (BFNIS). 
Voltage-gated potassium channels play a number of crucial 
roles in neuronal physiology, including regulation of rest-
ing membrane potential and action potential duration. By 
impairing the restoration of ionic balance after neuronal fir-
ing, potassium channel dysfunction could lead to repetitive 
neuronal firing and a state of heightened excitability. 

In the BFNIS families, changes have been identified 
in the alpha2 subunit of the sodium channel (SCN2A). 
Sodium channels have a single pore-forming alpha sub-
unit, and two beta subunits that modulate the gating 
effects. Both the mutations (L1330F and L1563V) affect 
a highly conserved leucine, resulting in an increased 
sodium current, thus reducing the rate of inactivation 
and increased excitability. Similarly, a mutation affecting 
a voltage-gated sodium channel beta subunit (associated 
with GEFS� phenotype) renders ineffective the rate of 
channel inactivation, and thereby increases excitability by 
permitting greater transmembrane sodium influx. Muta-
tions affecting the alpha 1 subunit of the sodium channel 
(SCN1A) have come to be established as an important 
gene defect underlying a wide variety of idiopathic epilepsy 
syndromes (severe myoclonic epilepsy (SMEI) and other 
borderline epileptic encephalopathies). Truncation muta-
tions account for nearly 50%, while missense, deletions, 
and splice site mutations account for the remainder. The 
spectrum of epileptic syndromes in early life associated 
with SCN1A mutations appears to be ever widening, fur-
ther confirming an emerging role for this ion channel as 
a major contributor to the polygenic model of idiopathic/
cryptogenic epilepsy. 

In a family with individuals affected only by juve-
nile myoclonic epilepsy (JME), a novel gene mutation 
(Ala322Asp) affecting the gene encoding for GABARA1 

(alpha subunit of the GABA receptor subtype A) was iden-
tified. Voltage clamp recordings from HEK293 whole-cell 
lines transfected with mutant and wild-type GABA recep-
tors show a reduction in GABA activated currents in the 
former. This effect is attributed to altered GABA receptor 
function, and not to reduced expression (27).

GABA receptor dysfunction may also be the conse-
quence of mutations affecting other channels. Three dif-
ferent heterozygous mutations, a premature stop codon 
(M200fsX231), an atypical splicing site (del74-117), and 
an amino acid substitution (G715E), have been identified 
in the voltage-gated chloride channel gene (CLCN2), 
which co-segregate with other IGE traits in three fami-
lies of 46 selected for the study (28). Mutations in the 
CLCN2 gene have been associated with common sub-
types of idiopathic generalized epilepsy as well as focal 
epilepsy (28, 29). Whole-cell patch clamp recordings, 
after transfecting tsA201 cells with both mutant and 
wild-type genes, suggest an alteration of human ClCN2 
channel function through different mechanisms. The 
M200fsX231 and the del 174-117 mutation abolish chlo-
ride currents, while the G715E mutation alters chloride 
channel gating to induce a reverse current that affects 
membrane polarity and electrical stability. The end result 
is the induction of a hyperexcitable state of GABAergic 
synapses at a postsynaptic level. Altered GABA-related 
inhibitory influences underlie the IGE phenotype, despite 
the differing molecular targets of gene mutations.

In addition to chloride channels, the T-type cal-
cium channel is an obvious target channel, because it 
plays a critical role in the thalamocortical oscillatory 
network. Missense mutations in a heterozygous state 
were identified in a gene coding for a calcium channel 
(CACN1H) in the 16p13 region in a small group of 
individuals with absence epilepsy, suggesting a role 
for calcium channels in the genetic susceptibility to 
absence epilepsy (30). The described mutations affect 
highly conserved regions in the T-type calcium chan-
nel. Functional studies using site directed mutagenesis 
have shown a gain of function effect on calcium influx 
during physiologic activation, leaving the neuron vul-
nerable to repetitive firing (31).

Several themes appear to be emerging: one, that muta-
tions in different genes may encode for subunits of the same 
channel, resulting in an epilepsy phenotype that is essentially 
related to the channel dysfunction in a nonspecific manner 
(e.g., K channel mutations in BFNC, nAchR mutations in 
NFLE); on the other hand, mutations affecting different 
channels may result in the same phenotype (GEFS� from 
mutations affecting GABAA receptor or sodium channel 
subunits); finally, mutations may affect subunits of the same 
channel yet result in two entirely different phenotypes. The 
latter situation is illustrated by mutations in the alpha1 and 
gamma2 subunits of the GABAA receptor, resulting in the 
completely different phenotypes of GEFS� and autosomal 
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Ion Channels: Structure and Subunit Composition, Mutations and Mutagenic Effects
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dominant juvenile myoclonic epilepsy (ADJME). It is of 
interest to note that de novo mutations in sodium channel 
lead to SMEI, while missense mutations in the same chan-
nel have been shown to lead to the phenotypically distinct 
syndrome of GEFS�.

Mutations Affecting Non–Ion Channel Genes

It is important to point out that not all idiopathic epi-
lepsies are turning out to be channelopathies. The iden-
tification of mutation in a G protein–coupled receptor 
underlying a murine audiogenic epilepsy phenotype 
(Frings mouse) led to a search for mutations in the 
human ortholog (hMASS1) (32). The gene was mapped 
to the 5q34 locus, which exhibits linkage to febrile sei-
zures (FEB4). Screening for mutations in the hMASS1 
gene in a family with this febrile seizure phenotype led 
to the identification of a nonsense mutation in one family. 
Although that mutation did not co-segregate with the 
febrile seizure phenotype in all families, it was suggested 
that a loss of function in this gene could lead to febrile 
and afebrile seizures (33). hMass1 and another gene, 
VLGR1, appear to be two halves of a single gene now 
called MASSive G protein–coupled receptor 1 gene 
(MGR1), which belongs to a family of genes coding 
for secretin-coupled receptors.

Similarly the identification of a gene mutation in the 
leucine-rich, glioma-inactivated 1 gene (LGI1) underlying 
the rare autosomal dominant partial epilepsy with audi-
tory features (ADPEAF) appears to involve non–ion chan-
nel genes. However, the structural aspects of the proteins 
coded by this and other genes (VLGR1 on 5q14.1, and 
TNEP1 on 21q22.3) share a sevenfold repeated motif in 
the C terminal region that appears to define a superfamily 
of related proteins. These tandem repeats have been 
termed EPTP (34). The mechanisms through which these 
gene products influence epileptogenesis remain unclear 
at this stage. Recent studies indicate that even non–ion 
channel genes may carry an influence in regulating ionic 
currents across ion channels. Five missense mutations 
have been identified in unrelated individuals with JME 
in the EFHC1 gene (6p12-p11 region) that codes for a 
protein with an EF hand motif (35). This protein has 
been demonstrated to affect neuronal apoptosis as well 
as affect R-type calcium currents. It is postulated that 
individuals with the EFHC1 mutation could carry excess 
numbers of dystopic neurons that are unstable electri-
cally, giving rise to hypersynchronous neuronal networks 
(36). Other highly significant associations have been 
described with non–ion channel genes in families with 
JME. These include polymorphisms in genes coding for a 
transcriptional regulator BRD2 (37, 38), and ME2 (malic 
enzyme 2), a mitochondrial enzyme (39). The functions of 
the BRD2 gene product remain speculative, while ME2 is 
involved in GABA biosynthesis/metabolism (40). Whether 

these polymorphism associations are causal or merely one 
of the many genes involved in the generation of the com-
plex phenotype in JME remains to be established.

The genes underlying the syndrome of X-linked 
infantile spasms with mental retardation can also be 
considered as examples of mutations in non–ion chan-
nel genes leading to a specific epilepsy syndrome. The 
ARX homeobox and cyclin-dependent kinase-like 5 
(CDKL-5/STK-9) gene products have functional effects 
that are not yet well understood (41).

GENETICS OF GENERALIZED EPILEPSIES: 
THE CLINICAL PHENOTYPES

A genetic basis is widely accepted for the IGEs, which 
include JME, childhood and juvenile absence epilepsy 
(CAE, JAE), epilepsy with generalized tonic-clonic sei-
zures (GTCS), and epilepsy with grand mal on awaken-
ing. The clinical and EEG characteristics of IGEs overlap 
considerably. Seizure types include tonic, tonic-clonic, 
clonic, or myoclonic seizures that are generalized, and the 
interictal EEG shows bursts of synchronous generalized 
epileptiform patterns over both cerebral hemispheres. 
In each syndrome, there is an age-dependent onset of 
a particular seizure type, while the EEG background is 
often normal. Affected individuals are of normal intel-
ligence; the neurologic examination is usually normal. 
While this applies to the idiopathic epilepsies with onset 
in later years, disorders such as SMEI and related bor-
derline conditions beginning in early life may be associ-
ated with epileptic encephalopathy and cognitive decline. 
Table 7-3 summarizes the chromosomal loci and known 
gene defects linked to idiopathic generalized epilepsy 
syndromes.

Childhood Absence Epilepsy (CAE)

There is much overlap in the clinical features between 
CAE and JAE, within the IGE umbrella. At present, muta-
tions in calcium and chloride channel genes have been 
reported associated with the CAE phenotype (28, 31).

Juvenile Myoclonic Epilepsy (JME)

JME appears to be a more distinct genetic phenotype in 
comparison to other forms of IGE (CAE, and JAE) (42). 
Mutations affecting both ion channel genes (CACNB4) (43) 
and non–ion channel genes (EFHC1, BRD2) are reported 
to result in a JME phenotype (35, 37, 38).

Benign Familial Neonatal Convulsions (BFNC)

Mutations affecting the genes coding for a family of 
voltage-gated potassium channels (KCNQ) that are 
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responsible for the neuronal repolarization appear to 
underlie this form of epilepsy. Two loci are now rec-
ognized: one on chromosome 20q13.3 (EBN1) (44), 
another on chromosome 8q24 (EBN2) (45). The gene 
for EBN1, called KCNQ2 (46) codes for one potassium 
channel component, while the gene for EBN2, termed 
KCNQ3 (47) codes for another portion of the potassium 
channel. When expressed in Xenopus oocytes, KCNQ2 
facilitates the development of potassium currents, 

whereas expression of the mutant channel shows no 
such currents (48). The reason why a fixed genetic defi-
cit in potassium channel structure should lead only to 
intermittent seizures that tend to remit over time in early 
life may be related to changing levels in the expression 
of potassium channel genes during brain development 
(49). It is also possible that the M-current mediated by 
KCNQ2/3 is less critical as GABA inhibition matures. 
During early life, GABA plays an excitatory role in the 

TABLE 7-3
Idiopathic Epilepsy and Febrile Seizure Syndromes

  CHROMOSOMAL LOCUS AND

EPILEPSY TYPE GENE DEFECT MODE OF INHERITANCE

Benign familial neonatal convulsions Potassium channel gene KCNQ2 Autosomal dominant, 20q13.3
 (EBN1), MIM 121200

Benign familial neonatal convulsion Potassium channel gene KCNQ3 Autosomal dominant, 8q24
 (EBN2), MIM 121201

Benign familial neonatal-infantile  Sodium channel gene SCN2A Autosomal dominant, 2q
 seizures (BFN-IS), MIM #607745

Benign familial infantile convulsions ? Autosomal dominant, 19q11–13 in
 (BFIC1), MIM %601764   Italian families

Benign familial infantile convulsions ? 16p in French kindred
 (BFIC2), MIM %605751

Idiopathic generalized epilepsy  Complex polygenic
(IGE), MIM 600669;  
childhood absence epilepsy (CAE), Calcium channel genes CACNA1A (IGE), 2q22–23
MIM 607682;  CACNB4 (IGE, JME), CACN1H (CAE)
juvenile absence epilepsy (JAE); GABA receptor genes GABARA1 (JME) 5q34
juvenile myoclonic Chloride channel gene CLCN2 (CAE) 3q26
epilepsy (JME), MIM 606904;  
epile psy with grand mal on Non–ion channel gene EFHC1 6p12, 6p21.3
awakening  (JME), BRD2 (JME), ME2 (IGE) 

X linked infantile spasms syndrome Non–ion channel genes Aristaless X linked, Xp22.13
  (ARX), serine-threonine kinase (STK9)
  gene or cyclin-dependent
  kinase-like 5 (CDKL5)

Generalized epilepsy with febrile  Autosomal dominant Genetic
 seizures plus (GEFS�),   heterogeneity Oligogenic in some
 MIM #604233: GEFS�1,   famiilies
 GEFS+2, GEFS�3 Sodium channel genes SCN2A (GEFS�), 19q13, 2q24
  SCN1B (GEFS�1), SCN1A (GEFS�2)

 GABA receptor gene GABRG2 (GEFS�3), 5q31
  GABARD (GEFS�)

Familial febrile seizures  Genetic heterogeneity: 8q13
   (FEB1), 19p13 (FEB2), 5q14
   (FEB4)

Severe myoclonic epilepsy of Sodium channel gene SCN1A (SMEI) 2q24, 5q31
 infancy (SMEI)
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immature hippocampus. Coinciding with this period, 
KCNQ channels seem to perform predominantly an 
inhibitory role. The functional switching of GABA’s role 
from excitation to inhibition seems to interact with the 
KCNQ channels in an intricately time locked sequence 
that modulates hippocampal excitability to demonstrate 
an “on” and “off” effect (50, 51).

Benign Familial Neonatal-Infantile 
Seizures (BFNIS)

Among the families described with benign familial neo-
natal convulsions, there exist families with an age of 
onset intermediate between the classic BFNC seizures 
and the BFIC (i.e., onset predominantly after 1 month). 
The seizures are partial onset with secondary generaliza-
tion beginning between 2 to 7 months and carry a good 
prognosis (52). A mutation in the alpha2 subunit of the 
voltage-gated sodium channel (SCN2A) has been identi-
fied in such individuals in an Australian family and in 
a family previously described by Lewis et al (53). Thus, 
the association suggests yet another seizure susceptibility 
syndrome in early life and has been named benign familial 
neonatal-infantile seizures (BFNIS).

Infantile Spasms (IS)

Infantile spasms represent a specific syndrome of general-
ized seizure associated with a characteristic EEG pattern of 
hypsarrhythmia. Although a variety of etiologies (tuberous 
sclerosis, inborn errors of metabolism, Down syndrome) 
are associated with this epilepsy syndrome, mutations in 
genes underlying X-linked IS and mental retardation have 
now been identified. These include the Aristaless homeo-
box gene (ARX) (54, 55) and the serine–threonine kinase 
(STK-9 or CKL5, cyclin-dependent kinase-like 5) gene 
(56), both of which are located on the short arm of chro-
mosome X. The ARX gene defect may lead to defects in 
a putative transcription factor, while the STK-9/CDKL-5 
gene may have a pivotal role in synaptic plasticity, thus 
suggesting divergent mechanisms leading to this specific 
epilepsy phenotype (41). The phenotypic features of the 
latter condition clinically overlap with a Hanefeld variant 
of the Rett syndrome phenotype (57, 58).

Febrile Seizures and Related Syndromes

Table 7-3 summarizes the known gene loci and mutations 
associated febrile seizures and associated syndromes.

Febrile Seizures (FS). A genetic basis for FS is likely, based 
on their increased occurrence in families, though the precise 
mode of inheritance remains uncertain. In particular, twin 
studies have demonstrated a much higher risk in mono-
zygotic than in dizygotic twins (40% vs. 7%) (13, 15). 

A complex polygenic rather than simple Mendelian inheri-
tance pattern is currently favored. Several gene loci have 
been identified for familial febrile seizure; however, no 
specific gene mutations have so far been identified.

Linkage analysis suggests that a locus on chromo-
some 8q (FEB1) is involved (60%) (59) with other loci 
(FEB2 at 19p13, and FEB4 at 5q14) identified so far. The 
FEB4 locus was also confirmed in nuclear families and 
may account for 70% of febrile seizure susceptibility. 
The FEB3 locus at 2q23 was reported in large Utah family, 
and the seizure descriptions are considered as close to 
GEFS�, so this may be considered more as a GEFS�
locus rather than as one linked to febrile seizures (60).

Generalized Epilepsy with Febrile Seizures Plus 
(GEFS�). Scheffer and Berkovic (61) identified an inter-
esting pattern of FS in an Australian family. A variety 
of dominantly inherited epilepsy phenotypes occurred 
in these families, and they proposed a syndrome desig-
nated as “generalized epilepsy with FS plus” (GEFS�).
The most common phenotype, termed “febrile seizures 
plus” (FSP), consisted of multiple FS in infancy and the 
continued occurrence of afebrile seizures beyond age 6 
years. All seizures remit by adolescence. Other pheno-
types identified in this family include FS plus absences, 
FS plus myoclonic seizures, and FS plus atonic seizures. 
The mode of inheritance in GEFS� remains a matter of 
debate; in some a dominant pattern observed, in others 
an oligogenic effect, accounting for a wide variation in 
clinical phenotype.

So far only a single gene defect has been identified 
in each family with GEFS� phenotype. Mutations appear 
to involve subunits of voltage gated sodium channels (62) 
and subunits of the ligand-gated GABAergic receptors (63). 
Both types of mutations appear to affect the functional 
properties of the respective channels and may serve to 
enhance seizure susceptibility in a nonspecific manner. An 
overlap is noted between the clinical features and genetic 
bases of GEFS� and SMEI (see following paragraph), 
exemplifying the enormous complexity of genotype-
phenotype correlations in the epilepsies.

Severe Myoclonic Epilepsy of Infancy (SMEI, Dravet 
syndrome). Dravet in 1982 (64) first described the 
clinical features of this syndrome, where seizures begin in 
infancy and progress to an epileptic encephalopathy with 
myoclonic seizures as a prominent feature. Initially the 
seizures are triggered by febrile events and intercurrent 
infections, occurring between the second month and the 
first year of life, after a period of normal development. 
Seizures are generalized clonic or hemiclonic in character, 
often prolonged and recurrent. Hemiclonic seizures are 
thought to be a distinct feature; myoclonic jerks appear 
later in the course of the disease, accompanied by cognitive 
and motor decline. Missense and truncating mutations of 
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the SCN1A gene (coding for the alpha1 subunit for the 
sodium channel) have been identified in many families with 
SMEI (65–67). As pointed out earlier, a wide spectrum 
of idiopathic/cryptogenic epilepsy syndromes with both 
generalized and focal forms of epileptic seizures begin-
ning in early life are being linked with mutations in the 
SCNA1 gene. SMEI likely represents the more severe end 
of this spectrum of overlapping conditions that includes 
both the milder variants of GEFS� and the severe epileptic 
encephalopathies (68).

Genetics of Partial Epilepsies

Most partial or focal epilepsies are assumed to not have a 
genetic basis. However, relatives of probands with partial 
epilepsy have an increased risk of epilepsy compared to 
the general population, suggesting a genetic influence in 
at least some forms of partial epilepsy. A defective gene 
might cause localized cortical hyperexcitability if it is 
expressed only in certain vulnerable neuronal regions, or 
if its effects are modified by local factors (69). The partial 
epilepsy syndromes and the chromosomal loci to which 
they are mapped are summarized in Table 7-4.

Benign Epilepsy of Childhood with Central-Temporal 
Spikes (BECTS). A strong genetic influence in benign 
rolandic epilepsy has been observed (70). The disorder 
appears to be inherited in an autosomal dominant man-
ner with age-dependent penetrance, and the EEG trait is 
inherited similarly (71). There is an increased incidence 
of both focal and generalized EEG abnormalities among 
first-degree relatives. (Interestingly, in relatives, general-
ized abnormalities are even more common than focal 
ones.) Doose considers typical BECTS to be a special case 

in a broad spectrum of clinical manifestations due to this 
genetic excitability defect (72). Linkage to 15q13 locus 
has been demonstrated in family studies (73).

Autosomal Dominant Nocturnal Frontal Lobe 
Epilepsy. This type of epilepsy (abbreviated ADNFLE) 
was first described in an Australian kindred of 27 affected 
individuals spanning six generations (74–76). ADNFLE is 
transmitted in an autosomal dominant fashion with incom-
plete penetrance. Seizures begin in mid-childhood, occurring 
in clusters during drowsiness or sleep. Affected individuals 
are of normal intelligence; they experience frequent noctur-
nal motor seizures (tonic or hyperkinetic), often preceded 
by an aura; cases are often misdiagnosed as nightmares or 
sleep disorders. The neurologic examination and the interictal 
EEG are normal; during the ictus, seizures can be shown to 
originate from the frontal lobes (77). There is considerable 
intrafamilial variability in clinical expression. Using exclusion 
mapping (i.e., by systematic elimination of candidate genes 
mapping to the same region), the disorder was assigned a chro-
mosomal locus of 20q13.2. A missense mutation (�4S248F) 
in the alpha4 subunit of the nicotinic acetylcholine receptor 
(CHRNA4) mapped to this region in all 21 affected mem-
bers of one ADNFLE family (76). However, there is allelic 
heterogeneity in this condition, as other families have shown 
different mutations in the CHRNA4 gene (78).

It appears that mutations that directly affect the ion 
pore can result in the epilepsy phenotype, as all of the 
known mutations appear to affect transmembrane domains 
that form the wall of the ion channel. Differences in the 
electrophysiologic and pharmacologic profiles among the 
different receptor mutations have been shown in addition 
to the common effect of increasing cholinergic sensitiv-
ity. In reconstitution experiments carried out in Xenopus

TABLE 7–4
Idiopathic Partial Epilepsies

  CHROMOSOMAL LOCUS AND

EPILEPSY TYPE GENE DEFECT MODE OF INHERITANCE

Nocturnal frontal lobe epilepsy  Cholinergic receptor gene CHRNA4 Autosomal dominant

 (ENFL1, 2, 3) MIM 600513   (NFL1), CHRNB2 (NFL3) 20q13.2-13.3
#605375 (ENFLE3)  15q24
  1q

Familial lateral temporal lobe  Non–ion channel gene LGI1 Autosomal dominant
 epilepsy with auditory features  Genetic heterogeneity
 (ADPEAF), MIM#600512  10q22

Familial Partial Epilepsy with ? Autosomal dominant
 variable foci, MIM %604364  22q11–q12

Benign epilepsy of childhood ? Autosomal dominant with 
 with central temporal spikes   incomplete penetrance (EEG trait)
  15q13
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oocytes, nicotinic cholinergic receptors with mutant alpha4 
subunits had faster desensitization kinetics than wild-type 
receptors; that is, they became rapidly unresponsive to ace-
tylcholine stimulation (79). Reconstituted mutant recep-
tors also show significantly reduced calcium permeability 
(80). These differences may account for additional specific 
phenotypic features, such as the occurrence of neuropsy-
chiatric symptoms reported in �4776ins3 carriers (81).

Familial Temporal Lobe Epilepsy. Ottman and col-
leagues described a single family of 11 affected individuals 
who presented with partial seizures and nonspecific audi-
tory disturbances with onset during adolescence (82). This 
syndrome consists of the familial occurrence of mild tem-
poral lobe seizures with age-dependent onset, with seizures 
originating from the mesial as well as the lateral temporal 
lobe. The hippocampal pathology seen in typical temporal 
lobe epilepsy is absent in the familial variety (83, 84). Using 
linkage analysis, the epilepsy susceptibility gene mapped to 
chromosome 10q22–24. The condition is now recognized 
by the phrase “autosomal dominant partial epilepsy with 
auditory features (ADPEAF).”

When all the 28 genes in the implicated 10q24 
locus were sequenced, mutations were identified in the 
leucine-rich glioma-inactivated 1 gene (LGI1) (85). The 
implications of this finding have been discussed sepa-
rately. Other autosomal dominant inheritance patterns 
for partial epilepsies have been identified in clinical stud-
ies of large families: autosomal dominant partial epilepsy 
with variable foci (83, 86), autosomal dominant rolandic 
epilepsy with speech dyspraxia (74), and benign familial 
infantile convulsions (BFIC) (87). Linkage studies have 
suggested associated loci; however, so far in none of these 
inherited syndromes has a mutation been identified.

GENE-ENVIRONMENT INTERACTIONS

Environmental factors can strongly influence the expression 
and risk of developing seizures. The gene-environment con-
nection is challenging to study, and available studies show 
conflicting results. Although one would intuitively suspect 
factors such as head trauma to dramatically increase the 
risk of epilepsy in individuals with a genotype of increased 
seizure susceptibility, family studies suggest quite the oppo-
site for some factors (identified postnatal insults such as 
head trauma) (88) but are in agreement for others (alcohol-
induced seizures) (89). Alcohol exposure may carry a sig-
nificant relationship with genetic susceptibility to seizures, 
a hypothesis that merits further exploration.

Another example of this interaction is operative in 
the case of pregnant women. Pregnancy exposes the fetus 
to myriad environmental influences on early develop-
ment. An increased risk of epilepsy (4–5-fold increase) 
has been shown in the offspring of women with a history 
of spontaneous abortions, and such a history may be a 

marker for increased genetic susceptibility to epilepsy in 
the mother (90). The molecular basis of this increased 
susceptibility remains unclear.

In the case of febrile seizures, interesting insights 
have been provided at a molecular level between muta-
tion effects on GABAA receptors and temperature 
effects (91). Impaired gamma2 subunit function has 
been strongly suspected as a factor in seizure suscep-
tibility in patients with febrile seizures in the GEFS�
spectrum. The gamma2 receptor subunit plays a criti-
cal role in receptor trafficking, clustering, and syn-
apse maintenance, and when mutant receptors (with 
the described mutations in the GEFS� phenotype) are 
challenged with temperature elevation, a rapid dete-
rioration in receptor trafficking and increased endocy-
tosis is demonstrable, thus leading to reduced surface 
expression and increased vulnerability to fever induced 
seizures (91). The future will likely disclose many more 
interesting insights at the molecular level of the gene-
environment interaction.

PHARMACOGENOMICS IN EPILEPSY

With accelerated-throughput technologies that are increas-
ingly available, the pace of identification of gene mutations 
has been hastened. With that, opportunities to understand 
the interactions of gene products and other proteins within 
the cell have opened up. As the intricate and complex 
mechanisms underlying epilepsies is unraveled, we have 
entered into the era of understanding the interaction 
between drugs and genotype. In the case of epilepsy, the 
developing branches of proteomics and pharmacogenom-
ics will help us better understand the mechanisms of effec-
tiveness of antiepileptic drugs as well as drug resistance. 
Variations in genotype will account for differences in drug 
pharmacokinetics as well as other factors that influence 
such differences (age, sex, race, etc.) (92).

The effect of genetic polymorphisms on drug 
metabolism carries with it significant implications for 
serum drug levels and metabolite concentrations. These 
in turn can affect the clinical response. Therefore, dosage 
scheduling by genotype may well come to be an impor-
tant treatment consideration in the future. End organ 
targets for antiepileptic drugs may be yet another source 
of genetically determined pharmacoresistance. Genetic 
polymorphisms in drug-metabolizing enzymes CYP2C9 
and in the SCN1A sodium channel receptor seem to carry 
significant implications for the prediction of maximal 
tolerated doses of phenytoin and carbamazepine in one 
study (93). Further studies are needed to confirm and to 
extend these observations.

Drug efflux transporters are another area where 
the relationship of pharmacoresistence to antiepileptic 
drugs and genotype has been explored. An association 
between genetic polymorphisms in the ATP-binding 
cassette binding member 1 (ABCB1) and the phenotype 
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of drug-resistant epilepsy was suggested by Siddiqui and 
associates (94). The associated polymorphism is silent, 
and the haplotype associated with drug resistance was 
not clearly identified. Subsequently the findings have been 
replicated in one study (95) but could not be replicated 
in other studies with a much larger sample size (96, 97). 
A biologically plausible result may sometimes be a false 
positive finding (98). Nevertheless the hypothesis of drug 
resistance mediated by transporters under genetic control 
remains attractive and merits continued exploration.

Drug reactions are another area where genetic varia-
tion can influence the development of such reactions. Serious 
skin reactions to carbamazepine have been associated with a 
polymorphism at position 308 in the TNF alpha promoter 
region (99) as well as variants in HLA gene alleles such as 
HLA-B*1502 (100, 101). Eventually, genotyping could be 
used to predict drug reactions prior to initiating treatment 
with drugs to avoid such serious reactions.

An improved understanding of pharmacogenetic 
interactions in epilepsy will eventually lead the physi-
cian in making correct choices of AEDs in treatment of 
seizures, improvements in drug design, prediction and 
avoidance of aberrant drug effects, and better strategies 
in dealing with pharmacoresistance.

GENETIC COUNSELING ISSUES IN EPILEPSY

The issues relating to genetic counseling center around 
addressing the heritability of epilepsy, the risk of epi-
lepsy in family members and offspring, and the value of 
genetic testing in epilepsy (10). We have attempted to 
summarize the risk estimates in comparison to the general 
population risk in family relatives (sibship) and offspring 
(Table 7-5) based on the data from epidemiologic studies 
in the literature presented in (102).

TABLE 7-5
Risks of Epilepsy in First Degree Relatives and in Offspring

GENETIC COUNSELING ISSUES VARIABLES RISK ESTIMATE APPROX %

Risk of developing epilepsy General population risk estimates 1
 in other family members Acute symptomatic
 and relatives  Febrile seizure 2.3
  Febrile seizure, then epilepsy 6
 Epilepsy age of onset
  Onset � age 15 4
  Onset � age 25 2.6
 Epilepsy etiology
  Postnatally acquired 1
  Epilepsy and MR/CP 3
 Epilepsy seizure type
  Partial epilepsy 2.5
 EEG pattern
  Epilepsy and GSW 6
  Epilepsy +(GSW+ PPR)  8
  or GSW+multifocal spikes
 Proband with epilepsy 
  Parent also affected 8
  Parent also affected either with GSW 12
 GSW in probands and sib 15
 Seizure type
  Myoclonic 4–8
  Absence 5–9
Risk to offspring (% of children Risk of overall epilepsy in children of probands 2–5%
 with epilepsy by age 20) Mother with epilepsy 2.8–8.7%
 Father with epilepsy 2.4%
 Parent with IGE 3.3%
 Parent with pure absence epilepsy 9%
 Parent with partial epilepsy 4.6%
 Parent age of onset
  Onset � 20 2.3–6%
  Onset � 20 1.0–3.6%
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At the outset, it should be clarified that epilepsy is 
not a single disorder, but a collection of many disorders 
with great a deal of variability in phenotype and causa-
tion. Therefore no single gene defect could account for 
the different kinds of epilepsy. The concept of the risk 
of developing epilepsy being influenced by single, few or 
many genes will need to be explained. Differences in pen-
etrance could result in people being affected or remaining 
as asymptomatic carriers. The fact that common epilep-
sies are influenced by several genes (polygenic) and that 
inheritance patterns are likely to be complex and difficult 
to predict will need added emphasis. Finally, it must be 
pointed out that recurrence risks are likely to be influenced 
by other environmental factors.

For disorders with single gene defects, which are 
inherited in true Mendelian fashion, risk estimates for 
family members are likely straightforward. But for the 
non-Mendelian disorders (i.e., most common idiopathic 
epilepsies), estimates of risks are best expressed in terms 
of absolute risk (%) with a range of values as well as to 
provide comparison figures for the general population. 
It may also be possible to express this risk as a ratio 
rather than a percentage (1 in 25 rather than 4%). It is 
customary to use data from epidemiologic studies while 
estimating the risk. The class of relative (in relationship to 
the probands) should be taken into account. Sibling risks 
are useful in helping families with one affected child and 
who are at the stage of planning a pregnancy. Offspring 
risks are similarly based on information from epidemio-
logic studies. Risk estimates are influenced by a number 
of factors, including seizure and syndrome type, type of 
EEG abnormality, age of onset, parental attributes (sex 
and affected status), and the number of individuals with 
epilepsy in the family (Box 7-1). 

The role of genetic testing in the routine manage-
ment of common idiopathic epilepsies is limited. Affected 
families may undergo genetic testing through participa-
tion in numerous research studies and programs such as 
the gene discovery project of the Epilepsy Foundation 
of America. This project allows families to link up with 
researchers working in that area. These disorders are 

relatively benign, and the complex modes of inheritance 
and various confounders that can influence the reliability 
of a result preclude routine use of genetic testing in this 
group. For the monogenic disorders that are rare, but 
where the genes and common mutations are identified, 
direct mutation analysis is possible in disorders such as the 
progressive myoclonic epilepsies (EPM1, EPM2, MERRF, 
and the ceroid lipofuscinoses). These are serious disorders 
with considerable morbidity and mortality, and genetic 
testing can be justified. Information gleaned can be used 
for appropriate genetic counseling. Molecular diagnostic 
tests for BFNC (KCNQ2 DNA sequencing), SMEI, 
and GEFS� (SCN1A DNA sequencing), are becoming 
commercially available (e.g., Athena Diagnostics, http://
www.AthenaDiagnostics.com), and the list will, no doubt, 
grow longer.

SUMMARY

In summary, the modes of inheritance of epilepsy in the 
light of current understanding suggest diverse mecha-
nisms and both Mendelian and non-Mendelian inheri-
tance (complex oligogenic, polygenic). In essence, gene 
defects that can lead to the generation of an epilepsy 
phenotype display a remarkable functional diversity. The 
pathway from an altered genomic sequence meanders 
through mRNA, its stability and processing, protein 
translation defects, stability of the proteome, subcellu-
lar localization and expression, and, finally, to a state of 
electrical instability and a regional or generalized expres-
sion of seizures (Figure 7-3). Studies of other areas—
for instance, regulatory molecular processes (integrins, 
growth factors, metabotropic glutamate receptors, 
GABA transporters) and mechanisms that underlying 
brain plasticity—will no doubt yield additional genes 
and their proteins linked with epilepsy. It is recognized 
that abnormalities of cortical development can lead to 
epilepsy, but the early occurrence of seizures also carries 
consequences for the development of neural networks in 
the developing brain. The genetic and epigenetic factors 
regulating these complex interactions will no doubt be 
essential for understanding the genetic-molecular aspects 
of epileptogenesis (12). Pathologic mutations leading 
to defects in the function of subcellular organelles 
(mitochondrial respiratory chain defects, peroxisome 
biogenesis defects) as well as enzymatic defects in criti-
cal metabolic pathways provide additional routes to an 
epileptogenesis. Ultimately, these numerous pathways 
seem to converge on the neuron, producing an unstable 
electrical state that promotes synchronized burst firing 
in vulnerable neuronal networks.

Thus, the state of present-day understanding of epi-
lepsy is at a crossroads in terms of complexity. In the dis-
cussion in this chapter we have highlighted the diversity 

BOX 7-1
KEY ISSUES IN GENETIC COUNSELING

Is epilepsy inherited?
The risk to other family members  (sibs, offspring, class 
 of relatives)
Seizure etiology
Age of onset of epilepsy
Epilepsy syndrome
Number of affected relatives
Role of genetic testing in epilepsy
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of causes and mechanisms and the role of epilepsy genes 
in the process of epileptogenesis.

Even within the span of a decade, the list of gene 
defects and mutations has increased at a steady pace each 
year. Our understanding of the role of these genes and 
the proteins that they code for is in its infancy, but it 
underscores the many pathways to epileptogenesis. Does 
the practicing epileptologist and neurologist have to 

know all of the numerous gene defects described? We do 
not think that is necessary. However, we do believe that 
these discoveries lay the foundation for our understanding 
human epilepsy and its protean presentations. From 
genetic defects in ion- and ligand-gated channels and 
signaling and regulatory molecules, chromosomal aber-
rations, and defects in intermediary metabolism, the mul-
tiplicity of mechanisms underlying the heterogeneity of 

FIGURE 7-3

Genetic and epigenetic processes that can influence epileptogenesis.
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inherited epilepsy is truly breathtaking. For the clinician, 
a detailed collection of information on seizure semiol-
ogy, age of onset, ethnic background, and family history 
remains critical in recognizing genetic contributions to 
the individual’s epilepsy. In selected instances of single-
gene defects mutation analysis will be of help in diagnosis, 
and even in selecting treatment, where it is or becomes 
commercially available. In the majority of more com-
mon epilepsy syndromes, any form of mutation analysis 
to determine susceptibility genes is still a long way away. 
When such technology becomes available, the clinical 
implications of the findings will have to be carefully 

examined. These advances hold the promise of improving 
our understanding of epileptogenesis and will likely lead 
to methods of early detection and counseling and newer, 
more effective therapies for affected individuals and their 
family stricken by this complex disorder.
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Classification of Epilepsies 
in Childhood

HISTORICAL BACKGROUND

Early discussions on epilepsy rarely differentiated between 
epilepsies in childhood and those in adult life. The history 
of classification of the epilepsies might be defined in three 
major eras: the philosophical era before the twentieth 
century, marked by patient observation and, to a large 
degree, philosophical speculation as to the nature of the 
disease; the era of the localizationalists and pathologists, 
spanning roughly the first half of the twentieth century; 
and the present molecular era, including neurochemistry 
and particularly receptor pharmacology, the physiology of 
excitatory and inhibitory systems, and molecular biology.

The Philosophical Era

In 1861 Reynolds (1) described convulsions in chil-
dren by the name eclampsia. So-called eclamptic sei-
zures in those days referred to seizures characteristic of 
the childhood age group, which encompassed febrile 
convulsions and convulsions due to specific systemic 
diseases. Although Poupart had described absence in a 
young girl in 1705 (2), different seizure types were not 
particularly related to different age groups until much 
later. In 1772 Tissot (3) classified epileptic seizures but 
made a more specific contribution that is often lost and 
that was further elaborated by Sachs (4) in the first 

Douglas R. Nordli, Jr.

English-language pediatric neurology textbook: that is, 
the concept that epilepsy is composed of an ongoing 
predisposing condition or diathesis, but that the indi-
vidual epileptic seizures, or expression of the epileptic 
process, is triggered by a concatenation of factors that 
might be considered as precipitating or triggering fac-
tors. The latter are not always recognized, and epilepsy 
therefore has been defined as a liability to unprovoked 
seizures, which is probably a procrustean attempt to 
exclude febrile convulsions from the epilepsy rubric.

Sachs divided childhood epilepsies into the eclamp-
tic and the epileptic. The epileptic seizures were further 
divided into focal and generalized as well as lesional 
and idiopathic. He believed that idiopathic seizures on 
a heritable basis had an ultimately bad prognosis and 
that symptomatic seizures had an even worse prognosis. 
He thought that symptomatic epilepsies were the result 
of neonatal abnormalities, including brain hemorrhage. 
Freud (5) wrote about epilepsy in his text on the infantile 
cerebral palsies and related childhood seizures to major 
brain disturbances leading to the conditions included 
under the heading of cerebral palsy. Smith (6), in his book 
on diseases in children published over 100 years ago, 
stated that eclampsia in children was relatively benign 
except when severe and protracted, when it might be the 
cause of certain lesions, and he separated this from epi-
lepsy occurring in older children, which he regarded as 
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symptomatic. Sachs, agreeing with Tissot in defining an 
underlying predisposition and a precipitating cause, also 
stated that the prognosis largely depended on the underly-
ing cause of the epilepsy and was otherwise not inherent 
in the convulsions—a somewhat different conclusion than 
had been arrived at by Gowers (7), who studied predomi-
nantly adults and who believed that the periodicity or 
repetitiveness of a convulsive disorder carried within it 
the seeds of a progressive disorder.

The Localizationalist and Pathologist Era

The period of the localizationalists and pathologists 
began with the experiments of Fritsch and Hitzig and of 
Ferrier and formed the basis of Hughlings Jackson’s local-
izational endeavors, which in turn inspired the beginning 
of epilepsy surgery 100 years ago by Victor Horsley. The 
landmark activities of Penfield, Erickson, and Jasper dur-
ing the past 50 years more clearly defined the nature of 
epileptic seizures and their localization in the nervous sys-
tem. The development of electroencephalography (EEG) 
and, in more recent times, electroencephalography with 
simultaneous visualization of epileptic seizure behavior 
on a split-screen TV (video EEG, vEEG) has contributed 
to understanding epilepsy. This allowed the elaboration 
of the 1981 classification of epileptic seizures (8), which 
represented an advance made possible by objective meth-
ods of documenting seizures. The addition of other fac-
tors, such as anatomic substrate, cause, and age, based on 
information other than intensive monitoring, were then 
incorporated into the definition of individual epileptic 
syndromes (9).

The Molecular and Genetic Era Modeling of the epi-
lepsies using various animal models; sophisticated neu-
rophysiological, neurochemical, and pharmacological 
techniques; tissue slice preparations with the application 
of excitatory and inhibitory neurotransmitters and both 
extracellular and intracellular recordings; and the indi-
vidual neuronal culture preparations have advanced the 
study of the epilepsies immensely. More recent advances 
in basic science research, oddly enough, could be seen as 
taking us back hundreds of years to the original postu-
lates of Tissot regarding epileptogenesis. He postulated 
that certain factors influence the threshold for seizures, 
and others act in a role of acute provocation. Baraban (10) 
elegantly summarized the parallels in modern scientific 
studies: genomic research has identified factors that alter 
the threshold for seizures, and other factors, including 
glial activation, may act as the acute provocation. With 
these studies has come the realization of epilepsy as a 
system disease with an interplay of factors alluded to by 
students of epilepsy hundreds of years ago, the details of 
which are only becoming clear in the current era.

CLASSIFICATION OF EPILEPTIC SEIZURES 
AND THE EPILEPSIES

Evolution of the Classification Schemes

Classification is an ongoing process that is sequentially 
refined by addition of new information regarding sei-
zures and the epilepsies. Our predecessors worked hard 
to lay down the foundations of our currently used classi-
fication schemes: the 1981 International League Against 
Epilepsy (ILAE) classification of seizures and the 1989 
ILAE classification of epilepsy syndromes (8, 9). These 
classifications, intimately familiar to all epileptologists 
and many neurologists, have stood the test of time—a 
remarkable feat given the fact that these classifications 
were devised at a time when video EEG units were just 
starting to proliferate. Still, some of the terms are clearly 
outdated (e.g., “partial” is out of vogue and has been 
replaced by “focal”), new syndromes have been recog-
nized in the interim, and some older syndromes have 
not held-up under further scrutiny. Modern genetics is 
challenging some of our assumptions, as in the dialectic 
of idiopathic versus symptomatic. Some epilepsies with 
strong genetic predeterminants (e.g., Dravet syndrome) 
do not phenotypically match the other idiopathic (sui 
generis) epilepsies. Clinical neurophysiological tech-
niques and imaging have shown that seizures previously 
thought to have been “generalized” are really regional, 
or even triggered by focal processes. Many have recog-
nized the need, therefore, to change the classification, 
but the critical question is how. What are the needs of 
the classification systems? Should they be practical, like 
a gardener’s system, or scientific, like a botanist’s (11)? If 
a scientific system is desired—one that provides insight 
into the underlying shared mechanisms—how is this 
done when we have only an incomplete knowledge of 
the pathogenesis of most epilepsies (12)? Some of the 
most thoughtful and well-informed people in the epi-
lepsy field actively debate these issues, and we await 
their sage advice in the form of a newly revised ILAE 
classification system. Until then, the ILAE has made it 
clear that the only currently sanctioned classification 
systems are the ones from the 1980s (13). Accordingly, 
we will present the 1981 and 1989 classification schemes 
in this chapter, with modifications that incorporate the 
most recent published thoughts; however, the reader is 
encouraged to maintain an open mind and to think cre-
atively of new ways to organize emerging information. 
Our predecessors never envisioned that the classification 
systems would remain stagnant; rather, they foresaw the 
need for further revisions. These will undoubtedly come 
forth, guided by the many exciting scientific advances 
in our field, and allow us to better understand and care 
for people with epilepsy.



8 • CLASSIFICATION OF EPILEPSIES IN CHILDHOOD 139

Seizure Classification

Seizures have historically been categorized as either focal 
or generalized (Table 8-1). Focal (or localization-related) 
seizures arise in specific loci in the cortex, which carry 
with them identifiable signatures, either subjective or 
observational. These may range from disorders of sen-
sation or thought to convulsive movement of a part of 
the body. Originally, simple focal (partial) seizures were 
defined as those in which consciousness is preserved. 
The concept was that these arose from the six-layered 

isocortex and remained localized sufficiently long to allow 
specific symptoms to be discerned. In contrast, complex 
focal (partial) seizures were defined as those in which 
consciousness was impaired. The implication of complex 
focal (partial) seizures was that they involved elaboration 
elements of the limbic system, thus leading to early bilat-
eral dysfunction. The most recent work of the ILAE clas-
sification core group has moved away from the “simple” 
and “complex” designations. This is a welcomed change 
in pediatrics, because accurate determination of alteration 
of consciousness was often very challenging, particularly 
in the preverbal infant or the child with impaired ability 
to communicate (14)

Generalized seizures involve large volumes of brain 
from the outset and are usually bilateral in their initial mani-
festations and associated with early impairment of conscious-
ness. They may range from absence seizures, characterized 
only by impaired consciousness, to generalized tonic-clonic 
seizures (GTCS), in which widespread convulsive activity 
takes place. Myoclonic seizures, tonic seizures, and clonic 
seizures may also occur as generalized attacks.

The latest report from the ILAE Classification 
Core Group has divided seizure types into those that are 
self-limited and status epilepticus. It further divides the 
self-limited seizures into those that are generalized at 
onset and those that are focal at onset. It does not do 
the same for status epilepticus. A simplified version is 
presented in Table 8-2 (15).

The newly suggested classification scheme for seizures 
is more complex than the 1981 scheme. As mentioned, the 
elimination of the simple and complex categories is use-
ful in pediatrics since it is often challenging or impossible 
to reliably assess alteration of consciousnsess in preverbal 
children. The current scheme may still be difficult to apply 
to children, even for experts aided by concurrent vEEG 
data. Focal seizures in the immature lack declarative focal 
features that might otherwise point to the type of cortex 
generating the ictus: contralateral dystonic hand posture, 
ipsilateral hand automatisms, and contralateral hand and 
eye version rarely occur (16–18). Automatisms, when 
expressed, tends to be elementary and to feature simple 
mouthing movements or swallowing motions. Tonic pos-
tures are often nonspecific and may relate to primitive sub-
cortical reflexes that are disinhibited during a seizure (17). 
Preverbal children, of course, cannot volunteer auras and 
cannot cooperate with testing to determine alteration of 
consciousness or amnesia. For all these reasons, accurately 
diagnosing a focal seizure in an infant, unless there is focal 
limb clonus, can be very difficult. Reliable differentation of 
neocortical versus hippocampal seizures is probably next 
to impossible.

Accordingly, many different seizures in the imma-
ture would be left unclassified. This may result in a 
loss of valuable diagnostic and prognostic information 

TABLE 8-1
Seizure Categories 

I. Focal Seizures (previously known as partial or local 
seizures)

A. Simple focal seizures (consciousness not 
impaired)
1. With motor symptoms
2. With somatosensory or special sensory 

symptoms
3. With autonomic symptoms
4. With psychic symptoms

B. Complex focal seizures (with impairment of 
consciousness)
1. Beginning as simple focal seizures and pro-

gressing to impairment of consciousness
a. With no other features
b. With features as in A.1-4
c.  With automatisms

2. With impairment of consciousness at onset
a. With no other features
b. With features as in A.1-4
c. With automatisms

C. Focal seizures secondarily generalized

II. Generalized Seizures (convulsive or nonconvulsive) 

1. Absence seizures
2. Atypical absence seizures 
3. Myoclonic seizures 
4. Clonic seizures
5. Tonic seizures
6. Tonic-clonic seizures
7. Atonic seizures

III. Unclassified Epileptic Seizures 
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and will undoubtedly thwart the refinement of further 
classification schemes. Classifying these seizures in 
semiologically descriptive terms therefore may be more 
useful. (See Chapter 14 on neonatal seizures for more 
information.)

The same difficulties apply to the propagation of 
seizures, even when high quality scalp EEG data is avail-
able. Most infantile seizures do not progress in the same 
orderly sequence that one observes in adults (19). Mor-
ever, there is often a mismatch between the scalp EEG 
and clinical findings. For example, a seizure with overt 
focal clinical findings may be accompanied by a diffuse 
attenuation on EEG, suggesting that a deep ictal focus is 
not spreading to the scalp in an organized fashion. Differ-
entiating between the various types of spread would not 
possible for the majority of infantile seizures. For these 
reasons, a semiology-based scheme or a simple descrip-
tion of the fundamental clinical aspects of the seizures 
may be preferable, especially for the very young (20). 
Alternatively, one may add some modification to the new 
classification scheme to allow it to better encompass the 
full range of pediatric seizures. One such modification 
for self-limited seizures is listed in Table 8-3.

CLASSIFICATION OF EPILEPSIES AND 
EPILEPTIC SYNDROMES

In the 1989 ILAE classification scheme epilepsies are 
classified according to seizure type and EEG findings 
(for example, either focal or generalized) or according 
to cause (that is, idiopathic, genetic, or symptomatic). 
They are classified by anatomic localization (for example, 
frontal, rolandic, occipital, or temporal lobe epilepsies). 
Finally, they are sometimes classified according to precipi-
tating factors. Other factors taken into consideration are 
age of onset and certain diurnal influences. All of these 
factors (Table 8-4) are taken into account in the 1989 
ILAE classification, and this is outlined in Table 8-5.

DEFINITIONS

Benign Childhood Epilepsy with 
Centrotemporal Spikes

Benign childhood epilepsy with centrotemporal spikes is 
a syndrome of brief, simple, focal, hemifacial motor sei-
zures, frequently with somatosensory symptoms, which 
have a tendency to evolve into GTCS (21–26). Both sei-
zure types are often related to sleep. Onset is between 
3 and 13 years of age (peak, 9–10), and recovery before 
ages 15 to 16. Genetic predisposition is frequent, and 
there is male predominance. The EEG has blunt high-
voltage centrotemporal spikes, often followed by slow 
waves that are activated by sleep.

TABLE 8-2
Seizure Types

I. Self-limited epileptic seizures

A. Generalized onset
1. Seizures with tonic and/or clonic manifestations

a. Tonic-clonic seizures
b. Clonic seizures
c. Tonic seizures

2. Absences
a. Typical absences
b. Atypical absences
c. Myoclonic absences

3. Myoclonic seizure types
a. Myoclonic seizures
b. Myoclonic astatic seizures
c. Eyelid myoclonia

4. Epileptic spasms
5. Atonic seizures

B. Focal onset
1. Local

a. Neocortical
i. Without local spread
ii. With local spread

b. Hippocampal and parahippocampal
2. With ipsilateral propagation to:

a. Neocortical areas
b. Limbic areas

3. With contralateral spread to:
a. Neocortical areas
b. Limbic areas

4. Secondarily generalized
a. Tonic-clonic seizures
b. Absence seizures
c. Epileptic spasms

C. Neonatal seizures

II. Status epilepticus

A. Epilepsia partialis continua (EPC)
B. Supplementary motor area (SMA)
C. Aura continua
D. Dyscognitive focal
E. Tonic-clonic
F. Absence
G. Myoclonic
H. Tonic
I. Subtle

Modified slightly from Engel et al. (15).
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Childhood Epilepsy with Occipital Paroxysms

Two types of epilepsy have been described in this cat-
egory: early-onset benign childhood occipital epilepsy 
(Panayiotopoulos type) and late-onset childhood occipi-
tal epilepsy (Gastaut type). In the former type, attacks 
are rare but may be prolonged. The seizures have pro-
nounced autonomic features, often associated with vom-
iting. The affected child may be listless for a prolonged 
period with a pale countenance. Early reports highlighted 
the occpital predominance of the interictal epileptiform 
discharges, but later reports showed that spikes are multi-
focal and highly stereotyped so that they have a “cloned-
like” appearance. The latter type, described by Gastaut, 

features brief seizures with variable manifestations, but 
often including some type of visual phenomena. The EEG 
shows occipital spikes enhanced by eye closure. The lat-
est work from the ILAE classification commission raised 
some doubts about the Gastaut variant because of the 
paucity of recent reports.

Benign Neonatal Familial Convulsions

Benign neonatal familial convulsions are rare, dominantly 
inherited disorders manifesting mostly on the second and 
third days of life, with clonic or apneic seizures and no 
specific EEG criteria (27). History and investigations 
reveal no etiological factors. Approximately 14 percent 
of these patients later develop epilepsy.

Benign Neonatal Convulsions

Benign neonatal convulsions are very frequently repeated 
clonic or apneic seizures occurring around the fifth day of 
life. They have no known cause or concomitant metabolic 
disturbance (28). Interictal EEG often shows alternating 
sharp theta waves (theta pointu alternant). There is no 
recurrence of seizures, and psychomotor development is 
not affected.

Benign Myoclonic Epilepsy in Infancy

Benign myoclonic epilepsy in infancy is characterized by 
brief bursts of generalized myoclonus that occur dur-
ing the first or second year of life in otherwise normal 
children who often have a family history of convul-
sions or epilepsy (29). The EEG shows generalized spike 
waves occurring in brief bursts during the early stages of 
sleep. These attacks are easily controlled by appropriate 
treatment. They are not accompanied by any other types 
of seizures, although GTCS may occur during adoles-
cence. The epilepsy may be accompanied by a relative 
delay of intellectual development and minor personality 
disorders.

TABLE 8-4
Features of Epileptic Syndromes

Seizure type(s)
Age of onset
Etiology
Anatomy
Precipitating factors
Severity
EEG, both ictal and interictal
Duration of epilepsy
Associated clinical features
Chronicity
Diurnal and circadian cycling
Prognosis (occasionally)

TABLE 8-3
Self-Limited Seizure Types

I. Generalized onset

A. Seizures with tonic and/or clonic manifesta-
tions

1. Tonic-clonic seizures
2. Clonic seizures
3. Tonic seizures

B. Absences
1. Typical absences
2. Atypical absences
3. Myoclonic absences 

C. Myoclonic seizure types
1. Myoclonic seizures
2. Myoclonic astatic seizures
3. Eyelid myoclonia

D. Epileptic spasms
E. Atonic seizures

II. Focal (identified by the most prominent feature at 
onset)

A. Autonomic
B. Asymmetric epileptic spasms
C. Behavioral arrest (with or without version)
D. Clonus
E. Gelastic
F. Hypermotor
G. Jacksonian march
H. Myoclonus
I. Sensory
J. Tonic-clonic
K. Tonic posture-asymmetric
L. Versive
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TABLE 8-5
International Classification of Epilepsies and Epileptic Syndromes (1989)

1.0 Localization-related (focal, local, focal) epilepsies and syndromes

1.1 Idiopathic (with age-related onset)
1.2 Symptomatic
1.3 Unknown as to whether the syndrome is idiopathic or symptomatic

2.0 Generalized epilepsies and syndromes

2.1 Idiopathic (with age-related onset-listed in order of age)
Benign neonatal familial convulsions
Benign neonatal convulsions
Benign myoclonic epilepsy in infancy
Childhood absence epilepsy (pyknolepsy)
Juvenile absence epilepsy
Juvenile myoclonic epilepsy (impulsive petit mal)
Epilepsy with grand mal (GTCS) seizures on awakening
Other generalized idiopathic epilepsies, if they do not belong to one of the above syndromes, can still be 
classified as generalized idiopathic epilepsies.

2.2 Cryptogenic or symptomatic (in order of age)
West syndrome (infantile spasms, Blitz-Nick-Salaam Krampfe)
Lennox-Gastaut syndrome
Epilepsy with myoclonic-astatic seizures
Epilepsy with myoclonic absences

2.3 Symptomatic
2.3.1 Nonspecific etiology

Early myoclonic encephalopathy
2.3.2 Specific syndromes

Epileptic seizures may complicate many disease states. Under this heading are included those diseases in 
which seizures are a presenting or predominant feature.

3.0 Epilepsies and syndromes undetermined whether focal of generalized

3.1 With both generalized and focal seizures
Neonatal seizures
Severe myoclonic epilepsy in infancy
Epilepsy with continuous spike-waves during slow wave sleep
Acquired epileptic aphasia (Landau-Kleffner syndrome)

3.2 Without unequivocal generalized or focal features

4.0 Special syndromes

4.1 Situation-related syndromes (Gelegenheitsanfalle)
Febrile convulsions
Isolated seizures or isolated status epilepticus
Seizures occurring only when there is an acute metabolic or toxic event due to, for example, alcohol, drugs, 
eclampsia, nonketogenic hyperglycemia, uremia
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Childhood Absence Epilepsy (Pyknolepsy)

This syndrome of childhood absence epilepsy (pykno-
lepsy) occurs in children of school age (peak manifesta-
tion, age 6 to 7) with a strong genetic predisposition in 
otherwise normal children (30–34). It appears more fre-
quently in girls than in boys and is characterized by very 
frequent (several to many per day) absences. The EEG 
reveals bilateral, synchronous symmetrical spike waves, 
usually three per second, on a normal background activ-
ity. GTCS often develop during adolescence. Otherwise, 
absences may remit or, more rarely, persist as the only 
seizure type.

Juvenile Absence Epilepsy

The absences of this syndrome are the same as in pykno-
lepsy, but absences with retropulsive movements are less 
common (35). Age of manifestation is around puberty. 
Seizure frequency is lower than in pyknolepsy, with 
absences occurring less frequently than every day, mostly 
sporadically. Association with GTCS is frequent, and they 
precede the absence manifestations more often than in 
childhood absence epilepsy, often occurring on awaken-
ing. Not infrequently, the patients also have myoclonic 
seizures. Sex distribution is equal. The spike wave rate 
is often faster than 3 per second. Response to therapy is 
excellent.

Juvenile Myoclonic Epilepsy 
(Impulsive Petit Mal)

Juvenile myoclonic epilepsy appears around puberty and 
is characterized by seizures with bilateral, single or repeti-
tive arrhythmic, irregular myoclonic jerks, predominantly 
in the arms (36–40). Some patients may suddenly fall 
from a jerk. No disturbance of consciousness is notice-
able. The disorder may be inherited, and sex distribution 
is equal. Often, there are GTCS and, less often, infrequent 
absences. The seizures usually occur shortly after awak-
ening and are often precipitated by sleep deprivation. 
Interictal and ictal EEG have rapid, generalized, often 
irregular spike waves and polyspike waves; there is no 
close phase correlation between EEG spikes and jerks. 
Frequently, the patients are photosensitive. Response to 
appropriate drugs is good.

Epilepsy with GTCS on Awakening

Epilepsy with GTCS on awakening is a syndrome with 
onset mostly in the second decade of life. The “grand 
mal” seizures are presumably mainly GTCS and occur 
exclusively or predominantly (over 90% of the time) 
shortly after awakening, regardless of the time of day, 
or in a second seizure peak in the evening period of 

relaxation. If there are other seizures, they are mostly 
absences or myoclonic, as in juvenile myoclonic epilepsy. 
Seizures may be precipitated by sleep deprivation and 
other external factors. Genetic predisposition is rela-
tively frequent. The EEG shows idiopathic generalized 
epilepsy. There is a significant correlation with photo-
sensitivity. The most recent work of the ILAE commis-
sion has brought into question whether this is a distinct 
entity (15).

West Syndrome (Infantile Spasms, 
Blitz-Nick-Salaam Krampfe)

West syndrome usually consists of a characteristic triad: 
infantile spasms, arrest of psychomotor development, 
and hypsarhythmia, although one element may be miss-
ing (41–45). Spasms may be flexor, extensor, lightning, 
or nods but most commonly are mixed. Onset peaks 
between 4 and 7 months and is always before 1 year. 
Boys are more commonly affected, and the prognosis 
is generally poor. West syndrome may be separated 
into two groups. The symptomatic group is character-
ized by the previous existence of brain damage signs 
(psychomotor retardation, neurologic signs, radiologic 
signs, or other types of seizures) or by a known cause. 
The smaller, idiopathic group is characterized by the 
absence of previous signs of brain damage and of 
known cause. The prognosis is dependent upon etiol-
ogy and response to treatment; a subgroup of infants 
with no prior brain damage and good response to treat-
ment may have an excellent prognosis with normal 
development and no recurrence of seizures. Patients 
with symptomatic etiology and incomplete response to 
treatment do poorly and often have mental retardation 
and persistent seizures.

Lennox-Gastaut Syndrome

Lennox-Gastaut syndrome manifests itself in children 
from 1 to 8 years of age but appears mainly in pre-
school-age children (46–48). The most common sei-
zure types are tonic-axial, atonic, and absence seizures, 
but other types such as myoclonic, GTCS, or focal 
are frequently associated with this syndrome. Seizure 
frequency is high, and status epilepticus is frequent 
(stuporous states with myoclonias, tonic, and atonic 
seizures). The EEG usually has abnormal background 
activity, slow spike waves of less than 3 per second, and 
often multifocal abnormalities. During sleep, bursts of 
fast rhythms (around 10 per second) appear. In gen-
eral, there is mental retardation. Seizures are difficult 
to control, and the development is mostly unfavorable. 
In 60% of cases, the syndrome occurs in children suf-
fering from a previous encephalopathy, but it is primary 
in other cases.
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Epilepsy with Myoclonic-Astatic Seizures

Manifestation begins between the ages of 7 months and 
6 years, mostly from 2 to 5 years, with (except if begin-
ning in the first year) twice as many boys affected (49, 50). 
There is frequently hereditary predisposition and usually a 
normal developmental background. The seizures are myo-
clonic, astatic, myoclonic-astatic, absences with clonic and 
tonic components, and tonic-clonic. Status epilepticus fre-
quently occurs. Tonic seizures develop late in the course 
of unfavorable cases. The EEG is initially often irregular 
with fast spike waves or polyspike waves, often occurring 
in bursts so short that it is difficult to determine the repeti-
tion rate precisely. Biparietal rhythmic theta activity has 
also been noted. Course and outcome are variable.

Epilepsy with Myoclonic Absences

The syndrome of epilepsy with myoclonic absences is clini-
cally characterized by absences accompanied by severe 
bilateral rhythmical clonic jerks, often associated with a 
tonic contraction (51). They are always accompanied on 
the EEG by bilateral, synchronous, and symmetrical dis-
charge of rhythmical spike waves at 3 per second, similar to 
childhood absence. These seizures occur many times a day. 
Awareness of the jerks may be maintained. Associated sei-
zures are rare. Age of onset is about seven years, and there 
is a male preponderance. Prognosis is less favorable than in 
pyknolepsy because of resistance to therapy for the seizures, 
mental deterioration, and possible evolution to other types 
of epilepsy such as Lennox-Gastaut syndrome.

Early Myoclonic Encephalopathy and Early 
Infantile Epileptogenic Encephalopathy

The principal features of early myoclonic encephalopathy 
are onset before 3 months of age; initially fragmentary myoc-
lonus, then erratic focal seizures; and massive myoclonias or 
tonic spasms (52). The EEG is characterized by suppression-
burst activity, which may vary in the awake and sleeping 
states. The course is severe, psychomotor development is 
arrested, and death may occur in the first year. Familial 
cases are frequent and suggest the influence of one or several 
congenital metabolic errors, but there is no constant genetic 
pattern. Early infantile epileptic encephalopathy with sup-
pression bursts, described by Ohtahara and coworkers (52), 
presents in a similar fashion, but the predominant seizure 
type in this disorder is tonic and the EEG shows an invari-
ant burst-suppression pattern with bursts occurring about 
every 3–5 seconds. It frequently evolves into a syndrome 
indistinguishable from West syndrome.

Neonatal Seizures

Neonatal seizures differ from those of older children and 
adults (53). The most frequent neonatal seizures are described 

as subtle because the clinical manifestations are frequently 
overlooked. These include tonic, horizontal deviation of the 
eyes with or without jerking; eyelid blinking or fluttering; 
sucking, smacking, or other buccal-lingual oral movements; 
swimming or pedaling movements; and occasionally apneic 
spells. Other neonatal seizures occur as tonic extension of 
the limbs, mimicking decerebrate or decorticate posturing. 
These occur particularly in premature infants. Multifocal 
clonic seizures characterized by clonic movements of a limb, 
which may migrate to other body parts or other limbs, or 
focal clonic seizures, which are much more localized, may 
occur. In the latter, the infant is usually not unconscious. 
Rarely, myoclonic seizures may occur, and the EEG pattern 
is frequently that of suppression-burst activity. The tonic sei-
zures have a poor prognosis because they frequently accom-
pany intraventricular hemorrhage. The myoclonic seizures 
also carry a poor prognosis because they are frequently a 
part of the early myoclonic encephalopathy syndrome.

Dravet Syndrome (Severe Myoclonic 
Epilepsy in Infancy)

Dravet syndrome is now the preferred term for what used 
to be called severe myoclonic epilepsy in infants, because 
myoclonus is not seen in all cases (54). Characteristics 
include a family history of epilepsy or febrile convulsions, 
normal development before onset, seizures beginning during 
the first year of life in the form of generalized or unilateral 
febrile clonic seizures, secondary appearance of myoclonic 
jerks, and often focal seizures. EEGs show generalized spike 
waves and polyspike waves, and early photosensitivity and 
focal abnormalities occur. Psychomotor development is often 
delayed from the second year of life on. Ataxia, pyramidal 
signs, and interictal myoclonus often appear. This type of 
epilepsy is very resistant to many forms of treatment.

Epilepsy with Continuous Spike 
Waves During Slow Sleep

Epilepsy with continuous spike waves during slow sleep 
results from the association of various seizure types, 
focal or generalized, occurring during sleep, and atypical 
absences when awake (55). Tonic seizures do not occur. 
The characteristic EEG pattern consists of continuous 
diffuse spike waves during slow-wave sleep, which occurs 
after the onset of seizures. Duration varies from months 
to years. The prognosis is guarded because of the appear-
ance of neuropsychologic disorders despite the usually 
benign evolution of seizures.

Acquired Epileptic Aphasia 
(Landau-Kleffner Syndrome)

The Landau-Kleffner syndrome is a childhood disorder 
associating an acquired aphasia, multifocal spikes, and 
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spike-and-wave discharges (56). Epileptic seizures and behav-
ioral and psychomotor disturbances occur in two-thirds of 
the patients. There is verbal auditory agnosia and rapid 
reduction of spontaneous speech. The seizures are mostly 
generalized convulsive or focal motor, are rare, and remit 
before the age of 15 years, as do the EEG abnormalities.

Kozhevnikov’s Syndrome

Two types of Kozhevnikov’s syndrome are now recog-
nized, but only one of these two types is included among 
the epileptic syndromes of childhood because the other 
one is not specifically related to this age group (57). The 
first type represents a particular form of rolandic focal 
epilepsy in both adults and children and is related to a 
variable lesion of the motor cortex. Its principal features 
are motor focal seizures, always well localized; often late 
appearance of myoclonias in the same site where there are 

somatomotor seizures; an EEG with normal background 
activity and focal paroxysmal abnormalities (spikes and 
slow waves); occurrence at any age in childhood and adult-
hood; frequently demonstrable cause (tumoral, vascular); 
and no progressive evolution of the syndrome (clinical, 
EEG, or psychological) except the evolutive character 
of the causal lesion. The childhood disorder Rasmussen 
syndrome (58), which is suspected to be of viral etiology, 
has onset between 2 and 10 years (peak, 6 years) with 
seizures that are motor focal seizures but are often associ-
ated with other types. Fragmentary motor seizures appear 
early in the course of the illness and are initially localized 
but later become erratic and diffuse and persist during 
sleep. A progressive motor deficit follows, and mental 
deterioration occurs. The EEG background activity shows 
asymmetric and slow diffuse delta waves, with numerous 
ictal and interictal discharges that are not strictly limited 
to the rolandic area.
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Epidemiology of Epilepsy 
in Children

s a group, the convulsive disorders 
are among the most frequently 
occurring neurologic conditions 
in children. In the United States 

approximately 5% of children and adolescents experience 
a seizure of some type by the age of 20 (1). This propor-
tion may be very different in other cultures—higher, for 
example, in Japanese and lower in Chinese or Asian Indians. 
The greatest proportion of these children experience con-
vulsions only in association with a febrile illness. Only 
about a quarter of those experiencing seizures actually 
meet criteria for “epilepsy”—a condition characterized 
by recurrent unprovoked seizures (2, 3).

Despite efforts of organizations such as the Inter-
national League Against Epilepsy (ILAE) to develop 
standardized definitions for the convulsive disorders for 
epidemiological uses (3), there remain differences in defi-
nitions that preclude direct comparison across studies. 
Population-based studies dealing specifically with chil-
dren are few and suffer from difficulties with definitions 
and differences in methodology. Further, total-population 
studies of the epidemiology of the convulsive disorders 
or epilepsy seldom provide sufficient detail regarding the 
specifics of seizure type and etiology in children.

In this chapter we concentrate on studies targeted 
toward children while integrating data from total popu-
lation studies. We focus on studies of incidence (newly 

W. Allen Hauser
P. Nina Banerjee

diagnosed cases), since these are more useful in the assess-
ment of etiology and outcome than prevalence studies. In 
addition, there is less variation in definitions of seizures 
and epilepsy in incidence studies than in prevalence stud-
ies, allowing some comparison across geographic areas.

DEFINITIONS

Epilepsy

Epilepsy is a condition characterized by recurrent (two or 
more) unprovoked seizures separated by more than 24 hours. 
Although epilepsy is the focus of this chapter, only a few of 
the cited studies here limit cases included to children with 
epilepsy. Rather, authors include various combinations so the 
other classes of convulsive disorders, so one must read papers 
carefully if cross-study comparisons are to be made.

Seizure

A seizure is the clinical manifestation of an abnormal and 
excessive activity of a set of cortical neurons.

Acute Symptomatic Seizure

Acute symptomatic seizures occur in close temporal associa-
tion with a systemic or central nervous system (CNS) insult. 

A

9
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About 5% of children with infections of the CNS have acute 
symptomatic seizures at the time of infection (4). About 
10% of children who suffer traumatic brain injury expe-
rience seizures early after their injury (5, 6). By age 20, 
1% of all children have experienced acute symptomatic 
seizures (7). Inclusion of children with acute symptom-
atic seizures as epileptic probably doubles the reported 
incidence of epilepsy.

Febrile Seizure

A febrile seizure is a convulsive episode occurring in asso-
ciation with an acute febrile illness. This is actually a 
subcategory of acute symptomatic seizure, differing only 
in that all children are exposed to the risk factor. Some 
authors place restrictions for inclusion in this category 
based on age or clinical symptomatology.

In the United States and in northern European 
countries, between 2% and 4% of all children can be 
expected to experience a convulsion during a febrile 
illness by the age of 5 years (8–10), but there is strik-
ing variation in the frequency of occurrence of febrile 
convulsions worldwide (11–19). The high frequency 
reported in Japan (9%) has been attributed to recogni-
tion of symptoms. It is hypothesized that the typical 
sleeping arrangement, in which children tend to sleep 
with or in close proximity to parents, facilitates rec-
ognition of symptoms. However, this theory may not 
explain all geographic difference, because similar sleep-
ing accommodations are common in China and India 
as well—regions in which incidence is low. It is pos-
sible that a selective genetic predisposition for febrile 
convulsions and the accompanying generalized spike 
and wave electroencephalograph (EEG) pattern exist 
in Japanese. The very high frequency of febrile seizures 
reported in Nigeria may be related to misclassification of 
children suffering from cerebral malaria, who probably 
have parasitemia (20). These children have temperature 
elevation, but probably do not have febrile seizures as 
defined in Western countries.

Most contemporary studies segregate febrile seizures 
from epilepsy, but a few series have included selected 
cases, primarily those with “complex” features. Since 
such studies comprise 20% to 30% of all febrile con-
vulsion cases, their inclusion may double the apparent 
incidence or prevalence of unprovoked seizures or epi-
lepsy (21).

Neonatal Seizures

Neonatal seizures are those that occur in the first 28 days 
of life. This definition, which is derived from concepts of 
mortality statistics, is conceivably in flux. Infants less 
than 32 weeks gestational age (a group with improv-
ing survivorship) are incapable of developing integrated 

cerebral electrical activity. In some studies of premature 
infants, convulsive events occurring between birth and 
44 weeks gestational age have been considered a neonatal 
seizure. From the standpoint of the above classification, 
most neonatal seizures, particularly those occurring in the 
first few days of life, would fall into the acute symptom-
atic category. Epidemiologically, there seems little unique 
about seizures after the first 7 days of life in full-term 
infants when compared with seizures identified after the 
first month of life.

Definitional difficulties are superimposed upon dif-
ferences in risk within economic groups and geographic 
areas. Among full-term infants, the reported frequency 
of neonatal seizures ranges from slightly over 1 per 1,000 
live births to 8 per 1,000 live births (22–24). The inci-
dence is lower in developed countries than in developing 
countries; the incidence may be higher in infants born 
to mothers of low social-economic class. The frequency 
is higher among those with low birth weight, and may 
be higher in children with intracerebral hemorrhage and 
those who are small for gestational age. There are defi-
nite temporal trends in incidence in recent years, with a 
reduced frequency among full-term infants in most but 
not all industrialized countries (2, 25, 26). There are also 
differences in causes over time. Metabolic insults such 
as hypoglycemia and hypocalcemia were important in 
the 1950s and 1960s, while in most contemporary stud-
ies hypoxic-ischemic insults account for the majority of 
cases.

Among survivors of neonatal seizures (about 75% 
of the total), one-third to one-half have adverse neu-
rologic outcomes. Approximately one-third might be 
expected to experience subsequent unprovoked seizures, 
mostly in those with neonatal seizures attributable to 
anoxic insults. Given that the majority of these children 
experiencing anoxia have associated neurologic disabil-
ity, their epilepsy may be also be intractable. Children 
with “benign familial neonatal seizures” (27) and those 
experiencing “fifth day” seizures (28) have a slightly 
increased risk for later seizures, but their long-term 
prognosis in general is quite good. While most epide-
miologic studies of epilepsy exclude neonatal seizures 
unless the patients have subsequent unprovoked seizures, 
their inclusion would substantially increase the reported 
incidence of epilepsy, particularly incidence reported in 
the first year of life.

Unprovoked Seizures

Unprovoked seizures occur in the absence of an iden-
tified acute precipitant. In studies in the United States 
and Iceland, about 25% of newly diagnosed unprovoked 
seizures in children occur as a single event and never 
meet criteria for epilepsy (see the following paragraph) 
(29–31). Half of newly identified unprovoked seizures 



9 • EPIDEMIOLOGY OF EPILEPSY IN CHILDREN 149

in childhood in Japan (11) and Spain (32) were isolated 
events and did not recur.

THE EPIDEMIOLOGY OF EPILEPSY

Incidence cohorts are necessary if one wishes to under-
stand the geographic distribution, causes, and prognosis 
of epilepsy. A number of recent studies of the incidence 
have used similar methodology and definition, allowing 
some comparison. These studies form the basis for most 
of the following discussion.

Incidence

Information about the incidence of epilepsy in children 
is derived from studies of total populations that provide 
age-specific information about incidence (29, 31, 33) and 
from studies limited to children. Even in studies limited 
to children, there are difficulties in comparisons across 
studies because of the inclusion of different age groups 
as “children,” differences in inclusion criteria, and, for 
the total population studies that provide age specific inci-
dence, different age grouping.

Incidence rates have been estimated from many dif-
ferent populations over the past several years (11, 14, 
30, 33, 35–54) and have been found to range from 35 
per 100,000 in Finland (34) and Iceland (30) to 124 per 
100, 000 in Chile (35) (Table 9-1). Methodological differ-
ences in case ascertainment may account for some varia-
tion in rate, although the majority of studies have cap-
tured information using medical contacts. Some studies 
conducted in developing countries, however, have relied 
on door-to-door survey and may have been able to cap-
ture cases in the community who may not seek medical 
attention.

Most recent incidence studies of all unprovoked sei-
zures have been conducted in developed countries (30, 
55–59) (Table 9-2). The incidence of “all unprovoked 
seizures” should be somewhat higher than the incidence 
of epilepsy. An examination of the studies that have pro-
vided rates of all unprovoked seizures shows a reason-
able similarity, with the exception of a study in Finland, 
representing the only outlier. In the most recent studies, 
the incidence in Tunisia (59) seems substantially higher 
than the incidences reported by the more recent studies 
in Iceland and in Sweden.

One of the more intriguing observations from lon-
gitudinal studies in children has been a reduction in the 
incidence of epilepsy over time. In a study in Rochester, 
Minnesota, incidence of epilepsy fell by about 40% 
between 1935 and 1975; however, this trend seems 
to have reversed after 1975 (31) (Table 9-3). On the 
other hand, among the studies that included all afebrile 

seizures (60–64) (Table 9-4), a study of a British gen-
eral practice reported that incidence under age 20 fell 
from 154 per 100,000 between 1975 to 1984 to 61 per 
100,000 from 1985 to 1994 (62). The fall in the middle 
decades of the past century is largely unexplained, but 
the increase after 1975 may be related to increased sur-
vivorship of very low-birth-weight infants. Interpreta-
tion of studies reporting frequency of afebrile seizures is 
difficult, since there seems to be wide variation. Again, 
some differences in rate may be due to definition or 
methodology. For example, the high incidence in Ecua-
dor is likely due to the inclusion of acute symptomatic 
seizures.

Some studies (12, 65, 66) have used other defini-
tions of “epilepsy” (Table 9-5). In general, these studies 
seem consistent with studies from the same geographic 
area, taking into consideration the age structure studied. 
While there are a number of studies that report global 
incidence, there are few studies that provide data on 
gender, age, etiology, or seizure type. The following sec-
tions summarize results available from studies that report 
such data.

Age-Specific Incidence

In all studies providing separate information regarding 
the incidence by detailed age groups, the incidence is high-
est in the first year of life. The most recent studies report 
incidence in the first year of life of about 100 per 100,000 
children. Incidence falls after age 1 year, although the 
rate of the fall varies. In Canada, for example, incidence 
appears to be stable from ages 1 through 10 years at 
about 40 per 100,000, and in early adolescence incidence 
is similar to that reported in adult years of life (20 per 
100,000) (45).

In many studies, incidence is typically provided only 
for 5- or 10-year age groups. In developing countries, 
incidence may be higher in adolescence than in early 
childhood, whereas in developed countries, incidence is 
lower in the second decade of life than in the first decade. 
The exception is a British study from which one can cal-
culate age-specific incidence: the incidence seems highest 
in the late teenage years (65). Although this study used 
an unique definition of “epilepsy,” internal comparisons 
should be consistent, assuming that there is no bias in 
identification related to age group. As a result these inves-
tigators’ observations may be valid.

Gender-specific Incidence

For most recent studies that report gender, gender-specific 
incidence in children is higher in males, although seldom 
significantly so. This seems to be true regardless of study 
definition. Only one Swedish study demonstrates a clearly 
higher incidence in females (58).
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TABLE 9-3
Incidence of All Unprovoked Seizures in 

Rochester, Minnesota, by Decade

DECADE AGE GROUP

0–4 0–9 0–14

1935–44 129 104 91
1945–54 124 101 87
1955–64 85 74 63
1965–74 73 69 59
1975–84 93 79 72

Source: Hauser et al. (31).

TABLE 9-4
Incidence of All Afebrile Seizures (per 100,000)

REGION AND TIME  REFERENCE PUBLICATION AGE
    SEIZURE TYPE (%)

PERIOD FIRST AUTHOR DATE GROUP INCIDENCE GENDER GENERALIZED PARTIAL

California,  Van den Berg (60) 1969 0–6 152 M�F
United States
 1965–1966
England Verity (43) 1992 0–10 57  50  50
 1970 British 
 birth cohort
Ecuador Placencia (61) 1992 0–19 219 M�F
 1984
England Cockerell (62) 1995 0–20    
 1974–1983    154   
 1984–1993    61   
Geneva,  Jallon (63) 1997 0–20 69 M�F
 Switzerland
 1990
Martinique Jallon (64) 1999 0–15 82 M�F 60  40
 Islands
 1995
Minnesota, Hauser (31) 1993  90
 United States

1975–1984

Race

One may make broad comparisons across studies of 
different races, but these are unreliable because of dif-
ferent definitions. In one study of children that used 
broad definitions of epilepsy, the incidence in African-
American children was higher than that in Caucasian 
children (67). This study did not control for socioeco-
nomic status. 

Seizure Type

Most recent studies of epilepsy in developed countries 
report a slight predominance of partial seizure disorders 
over generalized seizure disorders. One must consider the 
age distribution being studied as well as seizures classi-
fied, because generalized onset seem to predominate in 
the first year of life, after which partial seizures seem to 
predominate. Some studies that seem to find exceptions 
to this, however, notably those from Tokyo, Japan (11), 
and Copparo, Italy (40), where 80% to 85% of new cases 
were considered generalized. Because both areas would 
be expected to have access to modern diagnostic tech-
niques, the predominance is puzzling. When seizure type 
is reported, studies in developing countries seem to have 
a predominance of generalized epilepsy. Whether this rep-
resents misclassification related to limited evaluation of 
incidence cases remains uncertain. An excess of general-
ized-onset seizures may account for the higher incidence in 
some countries such as Chile. Studies of “all unprovoked 
seizures” and studies using more inclusive definitions (e.g., 
“all afebrile seizures”) tend to report a preponderance of 
generalized seizures. It is likely that in children both single, 
nonrecurrent, unprovoked seizures and acute symptom-
atic seizures are predominantly generalized. This should 
account for the apparent difference in distribution by sei-
zure type based upon study inclusion criteria.
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Etiology

When reported, between 60% and 80% of all new cases 
in children have no obvious antecedent to explain the 
condition. This is true even with the use of magnetic 
resonance imaging. A small proportion of new cases can 
be attributed to trauma, infection, postnatal vascular 
lesions, or CNS degenerative conditions. About 20% of 
cases are associated with neurologic handicaps presumed 
present from birth, mental retardation (MR), cerebral 
palsy (CP), or a combination thereof. Whereas most cases 
of MR or CP in and of themselves usually lack obvious 
causes, a more appropriate estimate for the proportion 
with identified cause may be 3%, as reported in a recent 
study from Sweden (68).

Familial (genetic) predisposition certainly plays 
a role in the risk for developing epilepsy (69–71). 
The offspring or sibling of a person with epilepsy has 
a threefold increase in risk of developing epilepsy. 
Although familial aggregation consistent with Mende-
lian inheritance is rare, there are a few childhood-onset 
syndromes with clear genetic patterns of inheritance. 
Examples of these include benign familial neonatal sei-
zures, benign infantile epilepsy, and Baltic myoclonic 
epilepsy. A localization on chromosome 6 and other 
chromosomal localizations for juvenile-onset epilepsies 
remains controversial, and the mode of inheritance is 
not understood. A linkage for the EEG pattern (not the 
epilepsy) has been reported for rolandic epilepsy with 
central temporal spikes (72, 73).

It is important to point out factors that are not
causal for epilepsy. Once cases of CP are accounted for, 
there has been no evidence of an association between 
adverse pre- and perinatal factors and the development 
of epilepsy. The concept of “birth trauma” or of “preg-
nancy complications” being a cause of epilepsy has not 
been supported in a variety of studies performed over the 
past 20 years (74–77). From a similar standpoint, febrile 
seizures are not “causal” for epilepsy. They are more likely 

a marker for a preexisting susceptibility—in some cases 
genetic, and in other cases “structural.”

EPILEPSY SYNDROMES

Considerable emphasis has been placed on epilepsy syn-
dromes in recent years (78). The classification to date is 
most useful in children, but, even in epidemiologic stud-
ies in children, a substantial proportion of cases fall into 
nonspecific categories (30). Syndrome classification has 
generally not been useful for classification in population-
based studies, although its failure may occur primarily in 
studies of adults (79, 80). Despite limitations in these and 
other population-based studies, some information regard-
ing the frequency of epilepsy syndromes is available.

Only three population-based incidence studies of 
all ages classified all cases according to epilepsy syn-
dromes. The incidence of epileptic syndromes for the 
period between 1980 and 1984 has been investigated 
for the population of Rochester, Minnesota (49). In this 
study approximately 20% of childhood cases fell into 
nonspecific categories, and about one-third were consid-
ered localization-related cryptogenic epilepsies without 
further localization. In the other two studies (conducted 
in Bordeaux, France, and Iceland), data on the incidence 
of seizure and epilepsy syndromes were not presented 
separately for children (30, 80). In France, approximately 
1% of the population with newly diagnosed epilepsy had 
juvenile myoclonic epilepsy, grand mal on awakening, or 
West syndrome, and 2% had pyknolepsy. The incidence 
of idiopathic localization-related epilepsy was 1.7 per 
100,000 (7% of all cases, adults and children). These 
proportions correspond to those reported for studies 
in children alone. In the population-based, prospective 
study of epilepsy in Iceland, juvenile myoclonic epilepsy, 
West syndrome, and childhood absence epilepsy again 
each accounted for 1% of all newly diagnosed cases, with 
an incidence of 0.7 per 100,000 person years. Benign 

TABLE 9-5
Incidence of “Epilepsy” Using Other Definitions (per 100,000)

REGION AND  REFERENCE PUBLICATION AGE   
TIME PERIOD FIRST AUTHOR DATE GROUP INCIDENCE GENDER DEFINITION

Japan Ohtahara (12) 1993 0–10 145 M�F AUS � some FS
 1992   5–9 63
England Wallace (65) 1998 10–14 54  AUS or first AED �
 1995   15–19 101   some FS 
England Reading (66) 2006 0–14 66
 2001–2003

AUS 	 all unprovoked seizures; FS 	 febrile seizures.
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rolandic epilepsy accounted for 20% of new-onset cases 
in children and 5% of cases in the total population, pro-
viding an incidence rate of 2.8 per 100,000 person years. 
In summary, most population studies show that specific 
syndromes are rare, with few exceptions.

West Syndrome

The incidence of West syndrome has been evaluated in 
several geographic areas and seems consistent across 
studies (11, 30, 42, 43, 56, 57, 69, 81–90). Incidence 
ranges from 2 to 8 per 10,000 live births (Table 9-6). In 
all studies reporting gender-specific incidence, there is a 
male preponderance.

The clinical perception of West syndrome is that 
the prognosis is poor, but population-based studies in 
Iceland and Minnesota suggest an excellent prognosis in 
idiopathic cases (85). These findings underscore the need 
for more population-based incidence cohorts examining 
West syndrome.

Lennox-Gastaut Syndrome

The incidence of Lennox-Gastaut syndrome (11, 39, 42, 
56, 87, 90) is between 2 and 5 per 10,000 live births 
(Table 9-7), but there probably is little variation in fre-
quency worldwide. The syndrome typically accounts for 
2% to 3% of new cases of epilepsy in children. However, 

TABLE 9-6
Incidence of West Syndrome (Infantile Spasms) per 10,000 Live Births

 REFERENCE PUBLICATION

REGION FIRST AUTHOR DATE INCIDENCE GENDER

California, United States Van den Berg (60) 1969 1.6 
Denmark Howitz (81) 1978 3.0 
Finland Riikonen (82) 1979 4.0 M�F
Texas, United States Annegers (69) 1982 2.5 
Germany Doose (56) 1983 4.8 
Finland Wendt (57) 1985 5.0* 
Faeroe Islands Joensen (42) 1986 6.0 
Tokyo, Japan Tsuboi (11) 1988 1.3 
Oklahoma, United States Cowan (83) 1989 1.9* 
Minnesota, United States Hauser (84) 1991 2.0 M�F
England Verity (43) 1992 2.0 M�F
Sweden Sidenvall (58) 1993 6.0 
Iceland Ludvigsson (85) 1994 3.0 M�F
Okayama Oka (86) 1995 3.3 
Finland Eriksson (87) 1997 3.2* 
Atlanta Trevathan (88) 1997 7.0* 
Lithuania Endziniene (89) 1997 7.5* 
Finland Rantala (90) 1999 4.1 M�F
Iceland Olafsson (30) 2005 4.3 

*Estimated from prevalence data.

TABLE 9-7
Incidence of Lennox-Gastaut Syndrome (per 100,000)

 REFERENCE PUBLICATION AGE

REGION FIRST AUTHOR DATE GROUP INCIDENCE GENDER

England Ross (39) 1980 0–11 1 
Germany Doose (56) 1983 0–8 3 
Faeroe Islands Joensen (42) 1986 0–19 3 
Tokyo, Japan Tsuboi (11) 1988 0–14 2 
Finland Eriksson (87) 1997 0–14 2 M�F
Finland Rantala (90) 1999 1m–2 3 M�F
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in Kiel, Germany, Doose syndrome accounts for about 
3 per 100,000 cases age 8 and under.

Severe Myoclonic Epilepsy of Infancy 
(Dravet Syndrome)

Based upon one case identified in the National Perinatal 
Collaborative Project (54,000 live births), and on five 
cases identified from clinics in western Texas, the cumula-
tive risk through age 7 has been suggested to be approxi-
mately 1 in 40,000 (91).

Absence Epilepsy: Pyknolepsy and 
Juvenile Absence Epilepsy

Epilepsies characterized by absence seizures are separated 
into pyknolepsy and juvenile absence epilepsy. Although these 
syndromes are considered to be distinct, they are difficult to 

distinguish clinically and epidemiologically. As a result, they 
are lumped together in most epidemiologic studies (11, 30, 
40, 42, 44, 45, 49, 56, 59, 58, 87). In Sweden, Finland, and 
Rochester, Minnesota, absence epilepsy comprised approxi-
mately 8% of all childhood-onset epilepsy, and the incidence 
was about 7 per 100,000 (Table 9-8). Incidence was some-
what lower in the Faeroes and another Finnish study (less 
than 2 per 100,000) and highest in Copporo, Italy (15 per 
100,000). Overall, there seems to be considerable consistency 
for this combined epilepsy syndrome category.

Juvenile Myoclonic Epilepsy

Juvenile myoclonic epilepsy (JME) has received aconsiderable 
amount of attention and is perceived as a frequent epilepsy 
syndrome in children. Most of the studies reporting this 
syndrome in children (24, 30, 42, 44, 49, 54, 58) have 
been performed in Scandinavian countries (Table 9-9). 

TABLE 9-9
Incidence of Juvenile Myoclonic Epilepsy (per 100,000)

 REFERENCE PUBLICATION AGE

REGION FIRST AUTHOR  DATE GROUP INCIDENCE PERCENT TOTAL

Faeroes Joensen (42) 1986 0–19 3.2 3.8% RUS
Finland Tudehope (24) 1988 0–14 2.0 1.3% AUS
Sweden Sidenvall (58) 1993 0–15 5.9 8% AUS
Sweden Braathen (44) 1995 0–15 0.5 1% RUS
Minnesota, Zarrelli (49) 1999 0–14 1.0 0.75% RUS
 United States
Germany Freitag (54) 2001 0–15 1.7 3% RUS
Iceland Olafsson (30) 2005 0–25 1.7 1% AUS

TABLE 9-8
Incidence of Absence Epilepsy (per 100,000)

 REFERENCE PUBLICATION AGE  PERCENT

REGION FIRST AUTHOR DATE GROUP INCIDENCE TOTAL

Germany Doose (56) 1983 0–8 8 11% AUS
Italy Granieri (40) 1983 0–14 15 17% RUS
Faeroe Islands Joensen (42) 1986 0–19 2 2.2% RUS
Tokyo, Japan Tsuboi (11) 1988 0–14 4 7% RUS
Sweden Sidenvall (58) 1993 0–15 7 9% AUS
Sweden Braathen (44) 1995 0–15 4 8% RUS
Nova Scotia, Camfield (45) 1996 0–14 6 14% RUS
 Canada
Finland Eriksson (87) 1997 0–14 2 1.3% AUS
Minnesota, Zarrelli (49) 1999 0–15 5 8% AUS
 United States
Tunisia Dogui (59) 2003 0–15 2 2% AUS
Iceland Olafsson (30) 2005 0–15 3 1 % AUS

RUS 	 recurrent unprovoked seizures; AUS 	 all unprovoked seizures.
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In Sweden, five children under the age of 15 had a diagnosis 
of JME with an incidence of 6 per 100,000. In the studies in 
Iceland and Rochester, Minnesota, most cases were identi-
fied between the ages of 15 and 24. If these age groups are 
included, the incidence under age 25 is approximately 6 per 
100,000. In both Rochester and Iceland, between 5% and 
10% of newly diagnosed epilepsy in children may meet 
criteria for this syndrome. This contrasts with the study in 
Bordeaux, France, in which 30% of cases were diagnosed 
at age 5.

Benign Rolandic Epilepsy

Benign rolandic epilepsy is among the more common child-
hood epilepsy syndromes as based on studies (30, 38, 44, 
49, 56, 58, 59) from Scandinavia, Italy, and other countries 
(Table 9-10). In Italy and Iceland this syndrome accounts 
for approximately 25% of incidence cases of epilepsy in 
children from birth through age 15 (38, 90). In Sweden the 
incidence in those under age 15 is 10.7 per 100,000, and 
this syndrome accounts for about 14% of childhood epi-
lepsy. Benign rolandic epilepsy accounted for less than 5% 
of childhood-onset epilepsy in Rochester, Minnesota.

PREVALENCE OF CHILDHOOD EPILEPSY

Tables 9-11–9-13 summarize numerous studies of the 
prevalence of epilepsy worldwide (11, 14, 19, 32–34, 
39, 40–43, 47, 56, 61, 62, 65, 83, 84, 86, 92–124). As 
mentioned earlier, prevalence provides little information 
beyond that required for health service needs. Prevalence 
data are virtually useless for prognosis or etiology. Fur-
thermore, differences in methodology and definitions fre-
quently preclude the ability to make comparisons across 
studies. Nonetheless, a presentation regarding the epide-
miology of epilepsy would not be complete without some 
discussion of prevalence.

The definitions of prevalence vary as extensively 
as the definitions of incidence. Prevalence rates in 
various studies worldwide are usually confound by a 
dizzying array of definitions. In Tables 9-11–9-13 we 
have attempted to stratify studies according to defini-
tion. When definitions are comparable, there seems 
little variation in the prevalence of epilepsy (12, 17, 32, 
84, 103, 122), except for a moderately higher preva-
lence in developing countries such as Tanzania (32), 
Ecuador (90), Thailand (101), Zambia (102), and 
South Africa (99). Compared with the studies in the 
United States and Europe, the prevalence of epilepsy 
may be higher in South America (125–127), and lower 
in some parts of Asia.

In studies that have defined prevalence as seizures or 
medication in the past 5 years, estimates remain between 
3 and 7 per 1,000 in developed countries and in the range 
of 9–22 per 1,000 in developing countries. It is hypoth-
esized that the increased prevalence in these regions is a 
result of parasitic infections. In some studies, prevalence 
rates seem to increase with age (40, 114, 117, 120). Stud-
ies that have measured lifetime prevalence (Table 9-13) 
within the same population at different points in time 
show that prevalence of epilepsy has decreased (62).

Prevalence by Seizure Type

Most prevalence studies find a preponderance of 
generalized-onset seizures. This appears to be true regard-
less of study site, although the proportion with partial 
seizures is higher in studies from developed countries.

Etiology

When etiology is reported in incidence studies, between 
60% and 80% of cases are of unknown cause. Even fewer 
prevalence studies report etiology in children. Epilepsy 
associated with neurologic handicap present from birth 

TABLE 9-10
Incidence of Benign Rolandic Epilepsy (per 100,000)

 REFERENCE PUBLICATION AGE

REGION FIRST AUTHOR  DATE GROUP INCIDENCE PERCENT TOTAL

Italy Cavazzuti (38) 1980 4–15 20 25% AUS
Germany Doose (56) 1983 0–8 8 11% AUS
Sweden Sidenvall (58) 1993 0–15 11 14% AUS
Sweden Braathen (44) 1995 0–15 5 11% RUS
Minnesota, Zarrelli (49) 1999 0–14 3 5% RUS
 United States
Tunisia Dogui (59) 2003 0–15 8 8% AUS
Iceland Olafsson (30) 2005 0–15 12 5% AUS

RUS 	 recurrent unprovoked seizures; AUS 	 all unprovoked seizures.
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(e.g., MR or CP) is the most common antecedent, but few 
studies provide quantitative data. Several studies report the 
frequency of developmental delay (independent of MR) 
and other handicap that occurs in up to 25% of cases.

Gender

Except for the British general practice study (62), which used 
broad definitions of epilepsy, there is a male excess in all stud-
ies, although it seldom reaches statistical significance. When 
age or gender breakdown is provided, females have a higher 
prevalence in the teenage years in some studies (109, 120).

Race

Prevalence by racial subgroups can be compared in some 
studies in the United States. Prevalence is higher in Afri-
can Americans than in Caucasians. These studies do not 
address whether this difference is attributable to racial 
or socioeconomic factors.

Cumulative Incidence

A concept more useful than prevalence in terms of epi-
demiologic measurements is “cumulative incidence,” 
which is the risk of developing a convulsive disorder 
through to a specific age. It is the cumulative incidence, 
not prevalence, that is important for comparisons of risk 
for epilepsy.

Cumulative incidence alone is reported from several 
studies (11, 31, 57, 62, 128–131) (Table 9-14) and has 
been reported in or may be calculated from data provided 
in many papers reporting incidence. If there is no mor-
tality attributable to epilepsy (mortality is negligible in 
children without handicap), cumulative incidence of epi-
lepsy and lifetime prevalence of epilepsy at age 20 should 
be similar. The cumulative incidence for all convulsive 
disorders through age 20 was slightly more than 4% in 
Rochester, Minnesota; that for epilepsy was slightly more 
than 1%; and that for all afebrile seizures was about 
2%. These proportions should be similar to the lifetime 
prevalence for these same definitions.

SUMMARY

Epilepsy contributes to a substantial amount of neurologic 
disease morbidity in children. Recent studies report inci-
dence rates of 35 to 94 per 100,000 and, despite differences 
in methods and definitions, prevalence rates of 3 to 11 
per 1,000, depending on children’s ages. There are definite 
time trends, largely unexplained, that indicate that the inci-
dence of epilepsy in certain populations is declining.

With regard to the burden of epilepsy, it seems 
greater in males. Developing countries also seem to have a 
higher burden of disease. Some of the difference between 
developing and developed countries may be explained 
by methodological differences. Other factors include 
misclassification of cases or cases due to parasitic infec-
tions, which account for a large proportion of additional 
epilepsy cases in developing countries.

More studies investigating the etiology of epilepsy 
are needed, since the large majority of convulsive dis-
orders—more than 60%—have no known cause. Par-
ticularly useful would be population-based data on the 
natural history of untreated and treated epilepsies.

It is difficult to compare seizure type between stud-
ies, since not all studies have used the same classification 
system. In addition, some individuals may have more than 
one seizure type, and different studies may report this 
information differently. Regardless of variations by study, 
generalized-onset seizures are reported to predominate in 
the first year of life, but later in life partial seizures are 
more common, at least in developed countries.

The well-defined epilepsy syndromes are important 
but are less frequent than presumed, even in children. 
Because of the rarity of epileptic syndromes, information 
on etiology and classification is limited.

Although no study answers all questions and there is 
still much to learn, descriptive epidemiological studies of 
epilepsy provide insights into the frequency of the burden 
of epilepsy and other convulsive disorders in childhood. 
This information serves to assist in generating hypotheses 
regarding the risk factors of epilepsy. Still, more research 
needs to be done to further our knowledge of the etiology 
and prevention of epilepsy.
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An Approach to the 
Child with Paroxysmal 
Phenomena with Emphasis 
on Nonepileptic Disorders

eizures are symptoms of abnormal 
brain function that occur due to 
excessive electrical discharge of 
cerebral neurons. Any acute or 

chronic insult to the brain can produce seizures. Dur-
ing infancy and childhood, seizures may assume many 
different clinical forms (1). When a child presents with 
what may be his first seizure, the physician is obligated to 
define the nature of the event and, if necessary, to search 
for a specific cause. The most common type of seizure in 
children is associated with moderate to high fever (2). These 
seizures rarely result in epilepsy (recurrent unprovoked sei-
zures) or cause neurologic damage (see Chapter 19). Unless 
there is reason to suspect sepsis or an infection of the central 
nervous system (CNS), the child does not require an exten-
sive evaluation if prior development has been normal. Even 
if an initial seizure occurs in the absence of fever, a search 
for a specific cause is often not fruitful, as many occur in 
patients in whom there is no detectable evidence of brain 
damage or systemic illness. Some of these children have fam-
ily members who have been diagnosed with epilepsy. This 
suggests a genetic predisposition for the patient’s seizure.

EVALUATION OF THE FIRST SEIZURE

There are two populations of children whose seizures are 
more likely to be associated with an identifiable insult 
to the brain: those who have other neurologic signs or 
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a history of abnormal development and those who have 
partial seizures that arise from a specific region of the 
cerebral cortex. However, in infants and young children, 
in particular, it is not unusual for a generalized seizure to 
be the first sign of an acute or chronic metabolic disorder 
or an infection of the brain or meninges. All children 
who have had their first seizure, with or without fever, 
should be evaluated with a complete history and physical 
examination to determine whether prior development is 
suspicious, whether there are focal neurologic signs or 
evidence of increased intracranial pressure, and whether 
there is indication of other organ involvement. It is the 
history and physical examination, along with the age of 
the child at the time of the initial seizure, that determine 
the extent of the subsequent laboratory evaluations.

The incidence of seizures in the neonatal period is 
greater than at any other time of life. Most of these seizures 
occur during the first week of life (3). Neonatal seizures are 
rarely idiopathic and often have multiple etiologies (4, 5); 
therefore, an extensive diagnostic evaluation is required. 
Prognosis often depends upon etiology (6). The most com-
mon etiologies are hypoxic-ischemic encephalopathy (HIE), 
intracranial hemorrhage, or infection and developmental 
defects. The timing of these seizures may suggest the etiol-
ogy. Seizures due to HIE or hypoglycemia often begin in 
the first day of life. Infections, congenital malformations, 
and other metabolic derangements usually cause seizures 
after 48 hours of life.

S
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The evaluation of neonatal seizures is based upon 
the history and physical examination. It includes an elec-
troencephalogram (EEG) to confirm or support seizure 
activity, neuroimaging, and laboratory studies aimed 
at identifying a treatable etiology. This includes serum 
chemistries: pH, electrolytes, glucose, calcium, magne-
sium, lactate, and pyruvate. Spinal fluid should also be 
obtained for routine analysis as well as lactate, pyruvate, 
and amino acids if seizures are repeated. If the cause of 
the seizures is still obscure, ancillary studies include titers 
for toxoplasmosis, syphilis, rubella, cytomegalovirus, 
and herpes simplex virus (TORCH), human immunode-
ficiency virus (HIV) testing, a drug screen, genetic stud-
ies, very-long-chain fatty acids, and lysosomal enzymes. 
Intractable seizures in a neonate can result from pyridox-
ine dependency (7). In this treatable autosomal recessive 
disorder, seizures can begin shortly after a normal birth. 
Seizures caused by hypoglycemia require evaluation of 
causes of limited sugar production or hyperinsulinism, 
including disorders involving organic acid, amino acid, 
and fatty acid metabolism.

Neuroimaging can identify intracranial hemorrhage, 
congenital malformations, and other brain injuries. Cranial 
ultrasound (US) can detect intraventricular hemorrhage and 
many parenchymal hemorrhages but has limitations detect-
ing convexity hemorrhages, developmental abnormalities, 
and infarcts (8). Once the neonate is stable, magnetic reso-
nance imaging (MRI) should be performed because it is 
superior to ultrasound and computerized tomography (CT) 
scans in identifying these lesions. As timing of the insult 
is important, the MRI should include diffusion-weighted 
images (9).

Older children and adolescents who are otherwise 
normal when they present with their first generalized 
seizure constitute a different situation (10). If the history 
is benign and the examination is normal, an EEG is the 
only test that is indicated. Even the EEG is helpful only in 
a minority of instances. A normal EEG would not exclude 
the diagnosis of a seizure if the history was sufficiently 
clear. An abnormal interictal EEG helps if the diagnosis 
made by history was uncertain. Many children who have 
had a seizure have a normal EEG in the interictal period 
or they show nonspecific abnormalities such as diffuse 
slowing. Just as the EEG does not always assist in the 
diagnosis of a seizure disorder, it also is not entirely reli-
able in predicting whether there will be further episodes 
(see Chapter 12); however, the initial EEG may define a 
focus of abnormal brain activity or occasionally show a 
specific pattern that has some predictive value and helps 
to plan the child’s treatment. The history is always the 
most critical part of making the diagnosis of a seizure 
unless the episode itself is observed by the doctor. It is 
very important to obtain a history from adolescents in 
the absence of their parents. This may help to determine 
whether they are at risk for a sexually transmitted dis-

ease or whether they have a drug history that could have 
resulted in a convulsion.

The evaluation of the initial seizure should be much 
more extensive if the child’s history or physical exami-
nation is not entirely normal. The following questions 
must be answered in the history: Was the event a seizure? 
Was the seizure focal or generalized? Is there a history 
of neurologic illness? Has the seizure occurred during 
the course of an acute or subacute systemic or neu-
rologic illness—that is, were there prior or continuing 
symptoms such as fever, diarrhea, vomiting, headache, 
or change in level of consciousness or alterations of 
comprehension, speech, vision, balance, or strength? 
Does the child have other chronic disorders that might 
make his seizure more likely to be the result of structural 
damage to the brain, such as congenital heart disease, 
hypertension, sickle cell anemia, immunodeficiencies, 
or collagen vascular disease? A family history is also 
critical and should emphasize whether other members 
of the family have had epilepsy, febrile seizures, or other 
types of neurologic disorders.

The child who presents with a first seizure deserves 
a thorough neurologic examination and general physical 
examination with special attention to signs of neuroecto-
dermal diseases, including screening with a Wood’s lamp. 
Emphasis should be placed on whether the child has focal 
neurologic signs such as visual loss, weakness of one part 
of the body, reflex changes, or disturbances of balance or 
coordination that might suggest an area of brain dam-
age that could also be the source of the seizure. Signs of 
elevated intracranial pressure should also be looked for 
(a bulging fontanel, split sutures, papilledema, slow pulse, 
and high blood pressure for age), as should signs of men-
ingeal irritation (a stiff neck, Kernig’s signs, Brudzinski’s 
sign). Finally, any recent changes in the child’s intellectual 
capacities or language should be documented. The child 
with a generalized seizure who has a benign history and 
physical examination need have little more done than 
a serum glucose, calcium, and magnesium, and a rou-
tine awake and asleep EEG. If the history or physical 
findings suggest the possibility of focal brain damage or 
elevated intracranial pressure, CT or MRI is indicated. 
The latter is more sensitive, especially if one suspects there 
may be migrational abnormalities that have affected the 
cortex (11). The CT scan is a better indicator of sub-
ependymal deposits of calcium. The ways in which a 
child’s history and physical examination may influence 
the further evaluation of a child with a first seizure are 
outlined in Table 10-1.

At times, more sophisticated metabolic studies are 
indicated to define the cause of an epileptic disorder. 
For example, infants or children whose seizures are 
poorly controlled with medication should have their 
cerebrospinal fluid (CSF) glycine levels determined. 
Type II hyperglycinemia may result in an intractable 
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epilepsy, which can be diagnosed only by evaluation 
of glycine levels in the spinal fluid. Transport defects 
can affect the entry of glucose and other substrates 
(such as folate) (12, 13) into the spinal fluid, which 
can result in repeated seizures when serum levels are 
normal. Lactate may be more elevated in the CSF than 
in blood in some mitochondrial disorders. Any infant 

or young child with poorly controlled seizures should 
also be tested for partial pyridoxine dependency after 
by being placed on 25–150 mg of pyridoxine daily for 
at least 1 month to see whether that affects seizure 
control. Pyridoxine dependency after infancy cannot 
always be diagnosed by a single intravenous injection 
of the vitamin during an EEG.

TABLE 10-1
Clinical Basis for Laboratory Investigations

HISTORY AND PHYSICAL EXAMINATION SEIZURE TYPE TYPE OF EVALUATION

1. Normal Generalized  Routine EEG; serum glucose, calcium, 
 magnesium

2. Normal Partial (focal)  Routine or sleep-deprived EEG; brain scan
 (CT or MRI); serum glucose, calcium, 
 magnesium

3. Suggests a chronic neurologic insult Generalized or partial Routine or sleep-deprived EEG; brain 
not previously evaluated with focal    imaging (CT or MRI); serum glucose, 
physical findings   calcium, magnesium

4. Presence of mental retardation or  Generalized or partial Routine EEG; serum glucose, calcium;
slow development without focal   serum and urine amino acids; 
signs   chromosome studies, if otherwise indicated;
    TORCH titers, if under age 12 months. 
    If seizure is partial, brain imaging
    is indicated.

5. Normal other than for presence of  Brain Imaging 
fever � vomiting or diarrhea  
a. Seen acutely Generalized or partial Lumber puncture; serum glucose,
    calcium, electrolytes, BUN; EEG
b. Seen some days later when well Generalized Fasting glucose, calcium; EEG

6. Normal other than for a clouded  Generalized or partial Brain imaging (CT or MRI). If scan is normal,
sensorium    a lumbar puncture, glucose, calcium, 

electrolytes. If these are normal, liver chem-
istries including a serum ammonia, urine 
ketones, drug screen; EEG; AIDS testing.

7. Presence of increased ICP  Generalized or partial Brain imaging with contrast enhancement 
� focal signs    (CT or MRI); calcium, electrolytes, uri-

nalysis; lumbar puncture if scan is normal; 
EEG. If no cause is found, an MRI may be 
indicated at a later date. 

8. Presence of focal signs of  Generalized or partial Contrasted brain scan (CT or MRI); lumbar
recent onset    puncture if scan is normal; EEG; glucose, 

calcium, electrolytes. If CT scan normal, 
cardiac evaluation; screen for hemoglobin-
opathies and coagulation defects, sedimen-
tation rate, antinuclear antibodies, serum 
cholesterol, triglycerides. Anticardiolipin 
antibodies if an infarct is seen on imaging.

Abbreviations: EEG, electroencephalogram; CT, computed tomography; MRI, magnetic resonance imaging; MRV, magnetic resonance 
imaging of venous sinuses and veins; TORCH, toxoplasmosis, other (congenital syphilis and viruses), rubella, cytomegalovirus, and herpes 
simplex virus; BUN, blood urea nitrogen; AIDS, acquired immune deficiency syndrome; ICP, increased cranial seizures causes by hypogly-
cemia require evaluation of the causes of limited sugar production or hyperinsulinism including disorders involving organic or fatty acids.
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DISORDERS THAT IMITATE EPILEPSY

Physicians are often asked to distinguish between many 
forms of epilepsy and other transient disturbances of 
neurologic function (Table 10-2). Nonepileptic neu-
rologic disorders can produce recurrent, paroxysmal 
changes of movement, consciousness, or behavior that are 
similar to those exhibited by a child with epilepsy. Some 
disorders that mimic seizures are more likely to occur in 
children who have epilepsy, to be associated with epi-
leptiform EEGs, or to be relieved by antiepileptic drugs. 

This makes their differentiation from epilepsy even more 
difficult; however, many of these disorders are benign and 
do not carry the prognosis or stigma attached to many 
of the epilepsies. They require no treatment and disap-
pear spontaneously. Others are best treated by medica-
tions other than antiepileptic drugs. Thus, it is extremely 
important to distinguish between repeated paroxysmal 
events that mimic a seizure and the recurrent seizures that 
define epilepsy. Epilepsy and the disorders that imitate 
it present at all ages and in many different forms. There 
are several excellent reviews of nonepileptic disorders 

TABLE 10-2
Imitators of Epilepsy

  RELATIVE INCIDENCE WITH AGE

 NEONATE AND INFANT EARLY CHILDHOOD LATE CHILDHOOD

SYMPTOMS/SIGNS 0–2 YEARS 2–8 YEARS 8–18 YEARS

A. Unusual movements
Masturbation XXX  X X
Shuddering  XXX X  X
Benign sleep myoclonus XXX X  X
Startle responses  XX  XX  X
Paroxysmal torticollis  X  XX  
Self-stimulating behaviors   XXX  XX
Tics   X  XXX
Chorea   X  XX
Paroxysmal dyskinesias XX X 
Pseudoseizures   X  XX
Unusual eye movements  XXX XX  X

B. Loss of tone or consciousness
Syncope  XX  XXX
Drop attacks   X X
Narcolepsy/cataplexy  X X
Attention deficits  XXX XXX

C. Disorders of respiration
Apneic attacks  XXX  
Breath-holding XXX  X 
Hyperventilation   X X

D. Perceptual disturbances
Dizziness   XXX XX
Headache   XXX  XXX
Abdominal pain   XXX X

E. Behavioral disorders
Head banging  X  XXX  
Night terrors  X XXX  
Sleepwalking   XXX X
Nightmares   XX XX
Hallucinations   
Rage   XXX XX
Confusion   X  XXX
Fear   X  XXX 
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based on cause (14–17). This discussion considers disor-
ders based on their symptoms and signs and the age at 
which they are most likely to be confused with seizures, 
as well as whether they occur when the patient is awake 
or asleep.

DISORDERS THAT OCCUR DURING SLEEP

Movement Disorders (18)

Benign Nenoatal Sleep Myoclonus. Benign neonatal 
sleep myoclonus is the most common quasi-epileptic dis-
order (19, 20). It usually occurs during sleep and begins 
early in infancy, often in the first weeks or months of 
life; however, it can be seen in older infants and even in 
young children. The disorder occurs during non–rapid 
eye movement (NREM) sleep. Rapid, forceful jerks may 
occur in the distal extremities, such as the hands or feet, or 
in the more proximal muscles, moving the entire limb or the 
trunk. The jerking usually recurs every 2 to 3 seconds, 
and episodes may last as long as 30 minutes, although 
most subside in 1 to 3 minutes only to recur repeatedly 
during the night. The movements migrate from one mus-
cle group to another. Movements occur on both sides of 
the body. The involvement usually is synchronous, but it 
need not be. However, prolonged, repetitive involvement 
of the same muscles or repetitive synchronous involve-
ment of the same muscle groups on the right and left 
sides of the body are more likely to be a true seizure. The 
movements of benign neonatal myoclonus are not stimu-
lus sensitive, and the EEGs taken during sleep reveal that 
epileptiform activity is not present while the events are 
going on. The source of the myoclonic movements is 
thought to be in the brainstem. The movements stop if 
the child is awakened. When alert, the infant is seen to 
be developing normally and to have a normal neurologic 
examination.

Benign neonatal myoclonus is extremely disturb-
ing to parents, but the movements rarely interfere with 
the infant’s sleep and normally do not require treat-
ment. If absolutely essential, the movements can generally 
be reduced by giving a small dose of clonazepam before 
bed. The prognosis for these infants is a good one. If the 
movements begin in early infancy, they tend to disappear 
in 3 to 4 months. Those few children who develop sleep 
myoclonus later in infancy may continue to exhibit the 
movements into the second year of life. There is no indi-
cation that benign neonatal myoclonus is associated with 
a higher incidence of epilepsy or abnormal neurologic 
development later in life.

Head Banging and Other Rhythmic Parasomnias. Re-
petitive episodes of head banging can occur as an infant is 
falling asleep and may be mistaken for a seizure because, 
unlike diurnal episodes of stereotyped movements, they 

are not associated with emotional disturbances such as 
anxiety or frustration (21, 22). Other rhythmic move-
ments of the neck and trunk, such as head rolling, body 
rocking, and leg banging, can occur in children during 
stage 2 of sleep. These movements are unassociated with 
EEG abnormalities and can easily be differentiated from 
seizures by video-EEG or polysomnographic monitoring. 
If the movements are violent enough to require treatment, 
they can usually be modified by giving clonazepam before 
bedtime. Periodic leg movements do not appear to quan-
titatively alter the quality of sleep in adults (23).

Paroxysmal Hypnogogic Dyskinesia. Hypnogogic 
paroxysmal dyskinesia or dystonia is a rare disorder 
in which sleep is interrupted for brief periods of time 
(usually less than 1 minute) several times each night by 
severe dystonic, ballistic, or choreic movements sometimes 
accompanied by screaming (21). The motor patterns are 
complex with bimanual/bipedal activity, rocking axial 
and pelvic movements, and sometimes ambulation. Pro-
longed attacks are believed to be epileptic and arise from 
the frontal lobe from areas that cannot be accessed by 
scalp tracings. Thus, the interictal EEG is usually normal 
as are many ictal EEGs, although carbamazepine often 
reduces the number of events. Many patients with this 
disorder go on to develop other forms of diurnal seizures. 
The disorder indicates how difficult it may be to separate 
epileptic from nonepileptic events (24, 25).

Disorders of Respiration

Apnea. Disturbances of breathing during sleep are com-
mon in infants and children. Periods of apnea without 
other signs are rarely epileptic when they occur during 
sleep, but the abrupt cessation of respiration can some-
times be the only sign of a seizure in infants and young 
children (26, 27). The associated electrical abnormality 
is usually focal and in the temporal area; however, apnea 
has been described as the only manifestation of diffuse 
epileptiform discharges as well.

Usually disorders leading to periods of apnea during 
sleep are classified as central, obstructive, or mixed (28). 
Most premature infants and some older infants have apneic 
events that can be central, secondary to delayed maturation 
of the centers that control breathing (29), or obstructive, 
resulting from partial constriction of the upper airway. 
Polysomnography uses airflow monitors and strain gauges 
to relate movement of the chest and abdominal muscu-
lature to effective rhythmic inspiration and expiration. 
In obstructive apnea, movements of chest or abdominal 
musculature continue while the flow of air is markedly 
decreased or stopped. This is followed by a significant 
drop in the oxygen saturation of the blood. In central 
apnea, muscle movements decrease coincident with the 
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drop in airflow. More sophisticated measures of PCO2
and transesophageal pressure may identify more subtle 
disorders of breathing during sleep (30, 31).

Central apnea has been reported with tumors of 
the brainstem or compression of the medulla or upper 
cord by a mass, bony deformities of the upper spine or 
foramen magnum (32), partial herniation of the brain, 
or a Chiari malformation. Metabolic or infectious dis-
orders that damage the respiratory center in the medulla 
may result in loss of automatic control of respiration 
during sleep (Ondine’s curse), producing long periods 
of apnea sufficient to cause further brain damage or 
even death.

Obstructive or mixed forms of apnea are frequently 
seen in young children with cranial-facial deformities that 
narrow the oropharynx or with adenotonsillar hyper-
trophy (33, 34). Aspiration may cause similar problems 
and is more likely to occur in infants or children with 
significant neurologic damage. However, gastroesopha-
geal reflux can occur in children who are neurologically 
normal and produce significant repeated periods of apnea 
in sleep as well as in the waking child.

Studies indicate sleep-disordered breathing is some-
times associated with attention deficit disorders and 
learning difficulties that may improve with treatment of 
the sleep disorder (35).

Behavioral Disorders

The behavioral parasomnias noted in children that are 
often mistaken for epileptic activity include sleepwalking 
(somnambulism), night terrors (pavor nocturnus), and 
nightmares (36, 37). The violent behaviors in non-REM 
sleep in older adults that can result in injury to themselves 
or to others are rarely seen in children (38).

Sleepwalking. Sleepwalking usually begins between 
5 and 10 years of age and can persist into adult life 
(39). Approximately 15% of all children sleepwalk at 
least one time. Repeated episodes are much less frequent 
involving less than 2% of the population. Sleepwalking 
is often confused with automatisms seen with complex 
partial seizures. The cause of the disorder is not known, 
but there is a definite increase in the prevalence of sleep-
walking in the family members of children who suffer 
from the problem. Sleep-disordered breathing is also a 
predisposing factor. Episodes of sleepwalking usually 
occur 1 to 3 hours after sleep begins. The child arises 
and walks about the room or the house in a trance 
and then walks back to bed. Semipurposeful behavior 
such as undressing and dressing may occur during the 
attack. The child’s eyes are open and the child rarely 
walks into objects. The child often mumbles, but there 
is no purposeful speech. Sleepwalkers can sometimes be 
directed back to bed, but they often become agitated if 

restrained. If the child is left alone, physical violence 
is usually not a part of the attack. The child has no 
memory of the event the next morning. Attacks some-
times increase with stress.

Usually no treatment is required other than provid-
ing for the safety of the child, and the disorder subsides 
spontaneously over a period of several years. Frequent or 
prolonged attacks can be treated with benzodiazepines. 
Polysomnography may reveal a predisposing sleep disor-
der. Treatment of the underlying problem may also reduce 
or eliminate episodes of sleepwalking (37).

Night Terrors (Pavor Nocturnus). Night terrors are most 
commonly seen in children between 5 and 10 years of age. 
The disorder also occurs in the first 3 hours of sleep in 
stages 3 or 4 of slow-wave sleep. It may be confused with 
complex partial seizures. The cause is not known, but 
there is a familial predisposition. As with sleepwalking, 
night terrors can be associated with disturbed sleep and a 
result of disordered breathing or periodic leg movements. 
Night terrors do not appear to be related to the pres-
ence or development of epilepsy or other neurologic or 
psychiatric disorders. Approximately 3% of all children 
have this disorder. The child often screams and then sits 
up. The child continues to scream and appears to be ter-
rified. There are signs of increased sympathetic activity 
such as excessive sweating and dilated pupils. The attack 
can last up to 10 minutes, after which the child falls back 
to sleep. When awakened, the child has no recollection 
of the event.

Nightmares. Night terrors must be distinguished from 
nightmares. The latter usually occur later in the night 
during REM sleep. The EEG is normal. The child may 
be restless during the dream but usually does not scream. 
The child often recalls the nightmare and develops a fear 
of sleeping alone.

Complex partial seizures that occur during sleep 
are usually associated with automatisms other than 
walking or with episodes that can be mistaken for night 
terrors (41). The behaviors are usually abrupt at onset, 
and if there are movements, they are frequently the same 
in each attack. The patient may appear anxious, but 
screaming and sympathetic overactivity are not seen 
unless someone tries to interrupt the seizure. The child 
may be incontinent. A video-EEG is sometimes needed 
to make a diagnosis.

DISORDERS THAT OCCUR WHEN AWAKE

Simple Paroxysmal Movement Disorders

Myoclonus. Rapid, forceful but isolated or nonrhyth-
mic jerks that occur when the infant or child is awake 
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are considered myoclonic. Whether such movements 
are epileptic may be a matter of semantics. Myoclo-
nus, like other transient, paroxysmal movements, can 
originate in areas of brain other than the cortex (42) 
and can occur in the absence of paroxysmal activ-
ity in the EEG at the time the movement is seen. The 
physiologic processes that regulate large groups of 
subcortical cells, causing them to fire synchronously 
and repeatedly, may be similar to those seen in the 
recognized epilepsies involving gamma-aminobutyric 
acid or glycine-mediated inhibitory mechanisms that 
control neuronal hyperexcitability (43). However, if 
the patient has no other neurologic signs, a repeatedly 
normal EEG, and a benign course in which he fails to 
develop other seizure types and the movements remain 
static and eventually disappear, the disorder is usually 
considered nonepileptic.

Benign waking myoclonic patterns are usually seen in 
infants in the first year of life and almost always disappear 
spontaneously within 18 months. The jerks may be limited 
to head flexion, or there may be bilateral synchronous 
jerks of the arms (44). At times they can occur repeti-
tively in brief clusters (45). Lombroso and Fejerman (46) 
described infants who had bursts of flexor or, less often, 
extensor movements of neck, trunk, and arms resembling 
those seen in infantile spasms. Their EEG tracings were 
always normal, and the children continued to develop 
normally. There was no increased incidence of epilepsy 
later in childhood.

Spasmodic Torticollis. Benign paroxysmal torticollis 
(BPT) of infancy is a disorder characterized by recur-
rent episodes of head tilt. Episodes begin within the first 
12 months of life and resolve by 5 years. It presents 
with torticollis, with or without associated pallor, vom-
iting, and ataxia, settling spontaneously within hours 
or days. The torticollis is episodic, may occur to either 
side, and usually lasts between 4 hours and up to 4 days 
in duration. This syndrome may include two different 
situations: one, “periodic,” which is more common, that 
lasts several hours or days; the other, more rare, that is 
short-lived and “paroxysmal,” lasting only minutes and 
accompanied by ocular signs that are generally lack-
ing in the periodic version (47). Typically the frequency 
and duration of these episodes decline as the child gets 
older, and by early to mid childhood they have resolved 
in their entirety. The etiology of BPT is not known. It 
has been related to an underlying vestibular disorder 
such as labyrinthitis or an immaturity of the central 
nervous system (48) and of the neurotransmitters in a 
given period of development. Some cases of BPT have 
evolved into classic migraine. BPT is considered as one 
of the pediatric migraine equivalent syndromes. Attacks 
of torticollis can also occur intermittently in the pres-
ence of gastroesophageal reflux (Sandifer’s syndrome). 

These episodes are usually not paroxysmal and tend to 
last longer (49). Inflammatory, developmental, and neo-
plastic disease of the cervical cord, spine, and neck also 
tend to produce sustained torticollis, but not a series of 
brief episodes. If no secondary cause can be discovered, 
spasmodic torticollis of infancy usually subsides in the 
first 3 years of life. No treatment is indicated.

Paroxysmal Kinesogenic Dyskinesia (PKD). Children 
with paroxysmal kinesogenic dyskinesia have abrupt 
attacks of dystonia, chorea, ballismus, and combina-
tions of different hyperkinesias (50, 51). These episodes 
are triggered by movement, most commonly whole-body 
activity such as initiation of standing or walking, and 
less frequently, by focal movement or a startle. Multiple 
episodes less lasting less than a minute can occur each 
day. The EEG is normal during the episode or shows 
movement artifacts. Paroxysmal kinesogenic dyskinesia 
most commonly presents between ages 6 and 15 years, 
although it has been reported in the first year of life. The 
disorder can be familial or sporadic. It is responsive to 
carbamazepine and phenytoin. Sporadic cases sometimes 
follow such insults as hypoxia, hypoglycemia or hyper-
glycemia, hypocalcemia, cerebral vascular injury, multiple 
sclerosis, and thyrotoxicosis. Some have postulated it is 
a form of subcortical epilepsy (52).

Paroxysmal Nonkinesogenic Dyskinesia (PNKD).
Paroxysmal nonkinesogenic dyskinesia usually mani-
fests during childhood and early adolescence. Move-
ments may involve trunk, lips, jaw, or tongue. It is rarely 
generalized. The movement is usually the same from 
one attack to another (53). The majority of cases are 
familial with autosomal dominant inheritance, although 
spontaneous cases do occur. Some cases are linked to 
chromosome 2q (54). Unlike PKD, the movements 
and abnormal postures of PNKD generally last longer, 
from 10 minutes to several hours, and their frequency 
is often as low as a few episodes per month with only 
few patients suffering up to three paroxysms per day. 
PNKD is not triggered by physical activity, but may be 
primed by fatigue, stress, excitement, alcohol, or caf-
feine. Paroxysmal nonkinesogenic dyskinesia does not 
respond to anticonvulsants, and limited success has been 
achieved with benzodiazepines.

Paroxysmal Exercise-Induced Dyskinesia. Paroxysmal 
exercise-induced dyskinesia (PED) is the rarest form of 
paroxysmal dyskinesias. The paroxysms are triggered by 
prolonged exercise, usually running or walking, and not 
by exposure to cold or passive joint movements. The dis-
tribution of the attacks is either focal dystonia of the foot, 
hemidystonia, or generalized dyskinesias, involving the 
legs with and additional involvement of the trunk. The 
frequency is daily to monthly. Duration of the episodes 
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is extremely variable, from seconds to hours, even in the 
same patient. Several drugs including antiepileptic drugs, 
L-DOPA, trihexyphenidyl, and acetazolamide have been 
reported to be of some benefit in isolated cases (55, 56).

Other Movements

Neurologically impaired children may have many repetitive 
movements that can be mistaken for seizures. These include 
head shaking and nodding, staring, tongue thrusting, chew-
ing movements, periodic hyperventilation, tonic postures, 
tics, and excessive startle reactions. Many have been treated 
for epilepsy unnecessarily because of these symptoms. In 
addition, self-stimulatory behaviors (discussed later) such 
as rhythmic hand shaking and body rocking are seen more 
often in retarded children.

Jitteriness. Jitteriness occurs in newborns and young 
infants (57). It can be so severe when a neonate is handled 
or is irritable or crying that it is sometimes mistaken for 
a clonic seizure; however, purely clonic generalized sei-
zures are extremely rare in the neonate. Furthermore, the 
jittery infant is usually alert. The movements of a jittery 
child have more of an oscillatory quality to them than 
the clonic jerks seen during a seizure. The tremors seen 
in jitteriness either occur spontaneously or can be pro-
voked by stimulation (58). They diminish or stop when 
the extremity is repositioned. However, jittery neonates 
are much more likely to develop seizures than the normal 
infant, and they often have abnormal EEGs with epilepti-
form transients. Jitteriness sometimes has a specific, often 
treatable cause. The movements are often seen in response 
to metabolic encephalopathies caused by hypoxia, hypo-
glycemia, hypocalcemia, and narcotic withdrawal. If pos-
sible, the underlying cause of jitteriness should be treated. 
The movements themselves usually decrease rapidly with 
time and require no specific therapy. If they are so severe 
that it is not possible to care for the baby, the baby may 
have to be sedated for a brief period.

Shuddering. Older infants and children can suffer from 
paroxysmal bouts of shivering during which spontaneous 
activity decreases and the upper extremities are adducted 
and flexed at the elbows or, less often, abducted and 
extended (59, 60). The head and knees are also frequently 
flexed. Aside from artifact, there are no EEG abnormali-
ties during the attacks, and the incidence of epilepsy is 
no higher in these children than in the general popula-
tion. Antiepileptic medications do not modify the attacks. 
Shuddering episodes gradually decrease in frequency and 
intensity in the first decade of life. Many children who 
have episodes of shuddering come from families in which 
many members have an essential tremor, and the two 
disorders may be related.

Rumination. Rumination is a stereotypical behavior 
beginning with repetitive contractions of the abdomi-
nal muscles, diaphragm, and tongue, and culminating in 
regurgitation of gastric contents into the mouth, where 
the material is either expectorated or rechewed and 
reswallowed. During a typical attack the neck is hyper-
extended, and there are repetitive swallowing movements 
and tongue thrusts. It can be one of the presentations 
of gastroesophageal reflux disorder (GERD) in infancy. 
Because episodes usually occur during or directly fol-
lowing infant feedings, while the infants are alert and 
often uncomfortable, the event is usually easily distin-
guished from a seizure. Rumination can occur as vol-
untary habitual regurgitation of stomach contents into 
the mouth for self-stimulation in mentally handicapped 
children or in infants with infant rumination syndrome. 
This syndrome is rare and has its onset between 3 and 
8 months of age (61).

Startle Responses. Startle disease (hyperekplexia) is a 
rare familial disorder that occurs in major and minor 
forms in the newborn period. In the minor form the startle 
response is exaggerated (62–64). In the major form, the 
infant becomes stiff when handled. Flexor spasms (with-
out habituation) can be elicited by repeated tapping on 
the infant’s nasal bridge. The episodes of hypertonia may 
be severe, causing apnea, bradycardia, and, rarely, sudden 
death. Anecdotal reports suggest that forced flexion of the 
neck or hips interrupts the hypertonic episode. Stiffness 
decreases during the first year of life and disappears by 2 to 
3 years of age. During the same period, the infant develops 
violent, repetitive jerks upon falling asleep. Many of these 
children have paroxysmal abnormalities in their EEGs. 
When they are recorded during a startle response, there 
are bilateral centroparietal sharp waves followed by a train 
of slow waves. This complex is considered to be evoked by 
sensory stimuli and not an epileptiform transient. Older 
children, juveniles, and adults suddenly stiffen and fall. 
This is most likely to occur when they are startled, and this 
is what is usually misinterpreted as an epileptic disorder. 
The symptoms of hyperekplexia (stiffness, jerking, and 
falling) respond to antiepileptic drugs such as clonazepam 
or valproic acid. Despite these features, the disorder is not 
considered a form of stimulus-sensitive epilepsy. It more 
likely represents a defect in inhibitory regulation of brain-
stem centers by the cerebrum. The disorder remains stable 
or improves with age. Children who have these symptoms 
do not develop typical seizures more frequently than the 
average child. Recently, one gene for this disorder has been 
localized to chromosome 5q33–q35 (65). Mutations that 
involve the gene that encodes the alpha-1 subunit of the 
glycine receptor result in exaggerated startle responses 
(66). The disorder is usually inherited as a dominant but 
can be recessive. Genetic analysis helps to distinguish dif-
ficult cases of hyperekplexia from epilepsy or psychogenic 
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disorders. It should prove most useful in those cases that 
were considered sporadic.

Chorea. Choreic movements are rapid, purposeless 
movements that are not repetitive or rhythmic (67). 
They can involve any muscles but are more promi-
nent in the distal musculature. In most disorders, the 
abnormal movements are bilateral but not synchronous. 

Hemichorea is limited to only one side of the body. It is 
seen, at times, with vascular and inflammatory disorders. 
In alert children, single movements such as chorea and tics 
can be confused with myoclonus, although, unlike myo-
clonic jerks, these movements almost always disappear
in sleep (Table 10-3). At times, choreiform movements 
and multifocal myoclonic jerks are indistinguishable 
and must be categorized by the diseases with which they 

TABLE 10-3
Tics, Chorea, and Myoclonus

 TIC  CHOREA MYOCLONUS

Common age of 
onset (years) 

Clinical picture

Intent

Voluntary inhibition

Sleep

Stress or startle
Level of consciousness

Associated neurological
problems

EEG

Brain scan

Treatment

(5–10)

Stereotyped, repetitive 
movements of one or more 
muscle groups most often 
located in the face, neck or 
upper trunk. They may be 
rhythmic for brief periods, 
but usually are irregular.

Purposeless

Possible for brief periods

Improves markedly or 
 disappears

May worsen

Compulsive behaviors, 
Attention deficit, learning 
disabilities, echolalia, 
coprolali

Normal or background 
slowing unrelated to the 
movements

Normal

Haloperodol, clonidine, or 
other antipychotics such as 
respiridone

(5–15)

Rapid, jerky, arrhythmic 
movements that randomly 
migrate from one muscle 
group to another. May be 
unilateral. Movements 
tend to involve the limbs, 
tongue, and mouth more 
than other areas. Almost 
never synchronous.

Purposeless. Patient may
consciously integrate the 
jerk into a willed movement

Rare

Improves markedly or 
disappears

No change
Alert or obtunded

Hypotonia, mild, encephalo-
 pathic changes

Normal slow or epileptiform
but unrelated to the 
movements

Normal or hypodense areas
 in the corpus striatum or 
 subthalamic region

Benzodiazepines, haloperidol

Any age

Focal: repetitive and 
rhythmic jerks. Multifocal: 
lightening fast movements 
that can involve multiple 
muscle groups and move 
from one part of the body 
to another. May be 
synchronous.

Purposeless

None

Slight or no improvement

May worsen
Alert or obtunded or 

comatose

Focal: none or mild 
 encephalopathic changes

Multifocal: often evidence of
acute or chronic, severe 
diffuse brain dysfunction

Slow or epileptiform. Spikes
can occasionally be linked 
to the movement.

Often normal. Acute: 
occasionally evidence of 
cerebral edema. Chronic: 
occasional evidence of 
diffuse atrophy.

Antiepileptics, especially 
clonazepam, zonisamide
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are associated. Multifocal myoclonus is more likely to 
occur in patients who have progressive degenerative dis-
ease of the brain or who have an acute encephalopathy. 
Acute chorea can occur with metabolic disorders but is 
more likely to be seen as the patient recovers from an 
encephalopathic illness. It also occurs as a sequel to beta-
hemolytic streptococcal infections (Sydenham’s chorea) 
(68) and as a result of drug ingestions or head trauma. 
Lupus erythematosus can be associated with unilateral or 
bilateral chorea, as can the antiphospholipid syndrome 
(69). Mass lesions or cerebrovascular accidents are 
more likely to produce a hemichorea. Usually this form 
of chorea is easily distinguished clinically from seizures. 
However, the EEG often fails to distinguish between dif-
fuse chorea and multifocal myoclonus, as it is possible 
for both to occur in the presence of an EEG with slow 
background activity without epileptiform transients or 
with unrelated paroxysmal bursts. The presence of mul-
tifocal spikes throughout the record favors the diagnosis 
of myoclonus, especially when the spike is linked to the 
jerk. Both types of movements may respond favorably to 
clonazepam. Chorea may also respond to dopaminergic 
blockers such as haloperidol or pimozide or drugs that 
deplete dopamine such as tetrabenazine.

Tics. Tics are rarely mistaken for myoclonus. They usu-
ally involve only one or, at most, several muscle groups, and 
only in the most severe cases are they migratory (70, 71). 
The movements are usually repetitive and stereotyped. 
Tics occur sometime during  childhood in approximately 
20% of the pediatric population, but they are usually 
“simple” in that they are always characterized by the same 
movement involving only one or two muscle groups. The 
face and neck muscles are most commonly involved, 
but a simple tic can involve muscles of respiration and 
the extremities. Eye blinking, facial twitches, shrugging 
of the shoulders, head turning, sniffing, grunting, and 
repetitive clearing of one’s throat are common forms of 
simple tics. In some children, simple tics may be caused or 
worsened by anxiety or stress. If left alone, most simple tics 
subside within weeks to months, although they sometimes 
recur for another brief period of time. The EEG is usually 
normal and has no epileptiform activity. Multiple types 
of tics or tics that involve quite complicated movements 
of a number of muscle groups are known as complex tics. 
When they are chronically associated with vocal tics, the 
diagnosis of Gilles de la Tourette’s syndrome can be made. 
This is an organic brain disorder with a definite genetic 
component. It is inherited as an autosomal dominant with 
variable penetrance and variable expression. There is a 
much higher family incidence of simple and complex tics 
in relatives of these children when compared with the 
general population (72). Based on response to therapy, 
the syndrome may be the result of abnormal metabolism 
of dopamine in the brain. Although the disorder may 

stabilize or improve slightly in adolescence or early adult 
life, it fluctuates in childhood and can be sufficiently severe 
to modify normal activity. If so, it needs to be treated. The 
movements usually respond to small amounts of neurolep-
tics such as respiridone or olanzapine or to alpha blockers 
such as clonidine (73). Both tics and chorea can be associ-
ated with each other and with neuropsychiatric disorders, 
particularly obsessive compulsive disease. When this is seen 
following clinically apparent streptococcal infections or 
with high antistreptolysin-O (ASO titers), it is known as 
the PANDAS syndrome (74).

Ocular Movements

Paroxysmal Upgaze Deviation. Episodic upgaze is a fea-
ture of the oculogyric crisis and is usually part of a dystonic 
reaction to medications such as phenothiazines, carbam-
azepine, and lithium (75). Tonic upgaze is sometimes a 
transient event in neonates. Tonic upward deviation of the 
eyes has been observed in patients with Chédiak-Higashi 
disease, Rett’s and Tourette’s syndromes, and Wilson’s 
disease.

Spasmus Nutans. Classically, spasmus nutans consists 
of a triad of signs: nystagmus, head nodding, and a head 
tilt (76). Head nodding and intermittent nystagmus are 
often the first abnormalities noted by the parents. The 
nystagmoid movements are often more pronounced in 
one eye than in the other and frequently lack a quick 
and slow component. Both symptoms can fluctuate in 
intensity and may come and go during the course of the 
day, resulting in some confusion as to whether the infant 
is having seizures. Infants with spasmus nutans have a 
somewhat higher incidence of EEG abnormalities than 
other children their age, but they are alert, in contact with 
the environment, and no more likely to develop epilepsy 
than the average child. The pathophysiology of spasmus 
nutans is not known. A small subgroup of these infants 
have mass lesions in the area of the optic chiasm or ante-
rior third ventricle. A child who is diagnosed as having 
spasmus nutans should have an MRI scan. If the scan is 
normal, no further treatment is necessary. The majority 
of children with this disorder no longer have signs by 
5 years of age; however, some may have nystagmoid eye 
movements that persist into adult life, and these children 
cannot be differentiated from those who have congenital 
nystagmus.

Opsoclonus (77). Opsoclonus-myoclonus syndrome is 
the presenting sign of 2% of children with neuroblastoma 
and ganglioneuroblastoma. The majority of patients with 
opsoclonus-myoclonus have a neuroblastoma. There 
are also reports of delayed onset opsoclonus-myoclonus 
syndrome and development of opsoclonus-myoclonus 
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syndrome in the face of recurrent disease. The presence 
of opsoclonus-myoclonus syndrome is typically associated 
with a good prognosis for treatment of the tumor and long-
term survival. It is believed to be of autoimmune etiology, 
as supported by identification of antineural protein anti-
bodies in patients who have the disorder (78). It is believed 
that the precipitation of opsoclonus-myoclonus by certain 
viruses, such as coxsackie, Epstein-Barr virus, mumps, and 
rubella, occur as a result of molecular mimicry. Patients 
with opsoclonus-myoclonus syndrome have responded 
to immunomodulatory treatments such as steroids and 
intravenous immunoglobulin or plasmapheresis (79). The 
majority of children with opsoclonus-myoclonus syndrome 
have multiple relapses that require prolonged treatment. 
Developmental sequelae are frequent (80).

Loss of Tone or Consciousness

Attention Deficits and Daydreaming. Children with 
typical absence seizures have brief episodes in which 
their activity suddenly ceases and there is a brief loss 
of contact with the environment. Posture is maintained. 
Automatisms can occur, but they are unusual. Normal 
activity is usually resumed immediately. Atypical attacks 
are more indicative of complex partial seizures, during 
which the episodes last longer, automatisms are more 
common, incontinence can occur, and the child may be 
sleepy at the end of the seizure. Few problems mimic 
absence or complex partial seizures. The most common 
is daydreaming (81).

Daydreaming is a common occurrence in chil-
dren who have attention deficit disorders. They can 
be unaware of their immediate surroundings for a few 
seconds or as long as a minute. They may not react to 
voice or visual stimuli, but generally, they respond to 
touch. They may have no recollection of what trans-
pired around them during the time their thoughts 
were elsewhere, but often they say they were thinking 
of something else at the time. Automatisms are rare, 
but some children have nervous habits such as picking 
at their nails or rubbing their hands, and these may 
continue while they stare ahead. The history can some-
times differentiate between daydreaming and absence 
seizures. Children who daydream never interrupt their 
own public recitations to stare ahead and lose track of 
time. A child who stops speaking in the middle of a sen-
tence and has an episode of absence almost invariably 
has a seizure disorder. In some instances, video-EEG 
analysis of the spells is needed to arrive at the correct 
diagnosis (81).

Drop Attacks. One form of generalized epilepsy only 
involves sudden loss of tone (82). There may not be a 
recognizable loss of consciousness. These attacks must be 

distinguished from other disorders that produce a similar 
clinical picture. Some of the causes of sudden drop attacks 
are listed in Table 10-4.

These episodes can occur at any age but are more 
likely to be confused with epilepsy in later childhood and 
adolescence. Many disorders in which posture is sud-
denly lost are much more common in elderly patients. 
Certainly, this is true of basilar insufficiency and the 
peculiar vestibular disorders that suddenly throw peo-
ple to the ground. Cataplexy is also much more likely 
to occur in adults. Compression of the upper cervical 
cord that presents with sudden drop attacks is exceed-
ingly rare at any age. Basilar insufficiency and cervical 
cord compression are often associated with ictal and 
interictal neurologic signs that point to an insult of 
the brainstem or the cord. Hyperventilation leading to 
a loss of tone and consciousness can easily be recog-
nized by observing the attack, and the patient or family 
often give a history of a period of intense overbreath-
ing preceding the loss of posture and consciousness. 
An adolescent hysteric has many other symptoms of 
an emotional disorder that help to make the diagno-
sis. The malingerer may not fall abruptly and when 
“unconscious” may resist the limbs or eyelids being 
moved. The ultimate diagnosis of psychogenic drop 
attacks may depend on recording the attack with EEG 
telemetry. The three diagnoses that are most often con-
fused with recurrent postural seizures in children and 
adolescents are syncope, narcolepsy or cataplexy, and 
basilar migraine. The latter two problems are relatively 
rare in the pediatric population, whereas syncope is a 
common event at all ages.

Syncope. Most syncopal episodes in children are neu-
rally mediated (83) (Table 10-5). There is reflex slowing 
of the heart producing a sinus bradycardia or a significant 
drop in systolic and, to a lesser degree, diastolic blood 
pressure, or both. This may be precipitated by well-defined 
physical events that overactivate the autonomic nervous 

TABLE 10-4
Causes of Sudden Loss of Posture

Generalized epilepsy
Syncope
Basilar migraine
Basilar insufficiency
Cataplexy
Compression of the upper cervical cord
Hyperventilation syndrome
Vestibular disorders
Psychogenic illness: hysteria, malingering
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system, especially the parasympathetic division. Cough-
ing, micturition, swallowing, and carotid sinus pressure 
are among the more common reflex causes of neurogenic 
syncope. Vasovagal syncope is also neurogenic, but the 
physical stimuli are less well defined and include such 
sensations as heat, pain, and fear. The physiologic basis 
for neurogenic syncope is yet to be defined completely. 
Venous pooling may activate cardiac stretch receptors, 
which leads to reflex bradycardia and a drop in peripheral 
vascular resistance (84, 85). A second major cause of 
syncope in children results from decreased blood volume 
or decreased return of venous blood to the heart.

The majority of syncopal events that are neurogenic 
in origin or due to decreased blood volume or venous return 
can be diagnosed by clinical history even if the decrease in 
blood flow to the brain is sufficiently severe or prolonged 
to result in seizure activity shortly after the loss of con-
sciousness (86). Most of these children faint in response to 
one or more limited provocations, that is, micturition, the 
sight of blood, or a warm, crowded environment, or, in the 
case of decreased venous return, assumption of upright 
posture or prolonged standing (87). Many patients real-
ize they are going to faint before losing consciousness. 
Nausea or vague epigastric sensations are experienced by 
patients with either syncope or seizures (88). However, 
other warning signs differ. Patients suffering from syncope 

are more likely to feel light-headed or dizzy than they are 
to complain of vertigo. Their visual sensations are also 
more simple than the visual auras of epileptic children. 
Vision begins to dim and objects lose their color, becom-
ing gray or brown. Brief syncopal episodes are almost 
never followed by confusion lasting more than seconds 
after arousal. Drowsiness is less common after a syncopal 
episode than a seizure and is almost always less prolonged. 
After an ictal event, a deep sleep from which the patient 
can hardly be aroused suggests a seizure. Headache may 
also follow a brief syncope or a seizure, but it is usually 
more severe after the latter. Unfortunately, if the syncope 
is prolonged (lasting minutes) and is severe and the brain 
is deprived of oxygen for a relatively long period of time, 
the postictal signs of syncope and seizures may be indis-
tinguishable, or the faint may lead to a seizure.

Of course, the most serious causes of syncope are 
cardiac, and they often occur without warning and pro-
duce significant brain hypoxia, which may result in a 
confused child after consciousness returns. Disorders of 
cardiac conduction, particularly the long QT syndrome, 
are the most common cause of this type of syncope (89, 90). 
Rarely, lesions of the brainstem or upper cord can cause 
transient cardiac arrhythmias or arrest. Because cardio-
genic syncope can sometimes result in sudden death, it 
is this group of disorders that must be eliminated as a 
possible cause of fainting when children repeatedly lose 
consciousness. One clue to a cardiac cause for syncope 
is that a child faints while exercising (91). Neurogenic 
syncope can also occur with exercise, but the proportion 
of children who have cardiac conduction disorders or 
reduced cardiac output is greater in the group that faints 
during exercise than in children who faint at rest.

The physical examination may be of little help in 
distinguishing syncope from seizures because it is often 
normal in patients with either symptom, although seizures 
are more likely to be associated with signs of CNS injury. 
At the time of the event, pallor, sweating, a slow pulse, 
and low blood pressure are more suggestive of syncope 
than a seizure (86). At times, the cause of syncope can be 
suspected by obtaining supine blood pressure and noting 
its change when the child rapidly assumes the standing 
position. In normal children, the blood pressure remains 
stable (�5 points) or transiently increases slightly with 
an increase in the pulse rate of 8 to 20 beats. A drop in 
blood pressure of 15 or more points or a sinus bradycar-
dia when rapidly standing confirms the history of pos-
sible orthostatic hypotension. Auscultation of the heart 
may also assist in the diagnosis. An irregular rhythm or 
a murmur may suggest that a cardiac abnormality is the 
cause of the faint. Provocative office tests such as carotid 
sinus massage and ocular pressure are not recommended 
and are rarely informative in children.

The laboratory evaluation of children who faint 
has become a complicated and argumentative issue 

TABLE 10-5
Causes of Syncope

A. Secondary to known precipitating events
 1. Neurocardiogenic
  a. Vasovagal
   1. Fear
   2. Pain
   3. Unpleasant sights (situational)
  b. Reflex
   1. Cough
   2. Micturition
   3. Swallowing
   4. Carotid sinus pressure
 2. Decreased venous return
  a. Orthostatic (with change to an erect position)
  b. Soldier’s syncope (standing at attention)
  c. With Valsalva’s maneuver
 3. Hypovolemia or severe anemia

B. No clear precipitating event by history
 1. Cardiac
  a. Arrhythmia
  b. Obstructive outflow
 2. Cerebrovascular insufficiency
 3. Psychogenic with or without hyperventilation
 4. No known cause
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regardless of age (92). In the absence of a suspicious 
history or neurologic findings, an interictal EEG does 
not differentiate syncope from seizures even if there are 
paroxysmal transients in the tracing. Neuroimaging is 
almost always negative unless there are abnormalities 
on examination. An unexplained episode of fainting 
mandates an electrocardiogram (ECG). If repeated epi-
sodes of fainting have occurred with a typical history, 
we still obtain a routine 12-channel ECG as the initial 
study. Further testing may be indicated if the timing of 
the fainting suggests possible hypoglycemia. If there is 
no history of a provocative event or an aura, a more 
extensive cardiac evaluation is indicated if the syncope 
is repeated. This may include prolonged ambulatory 
recording of the ECG, stress testing, and possibly an 
echocardiogram. These are expensive and stressful tests, 
and their yield, even in high risk patients by history, is 
probably less than 20% of those tested (93).

Should children suspected of having syncope undergo 
tilt-table testing, and at what point should such a test be 
attempted? Studies in pediatric patients and young adults 
thought to have neurocardiogenic syncope show that they 
have a statistically significant increase in either bradycar-
dia, systolic hypotension, or asystole with head-up tilting 
for up to 60 minutes when compared with asymptomatic 
controls. Drugs such as isoproterenol increase the rate of 
positive responses and further separate the two groups (94). 
However, there are still many false positives in the control 
group and 10% to 15% false negatives in the neuro-
cardiogenic group. Furthermore, positive responses in 
another group of young adults could only be reproduced 
54.5% of the time (95). It is not likely that a head-up tilt 
test has any more relevance to differentiating syncope 
from seizures than the EEG. Furthermore, tilt-table test-
ing rarely adds useful information for patients who have 
a good history to suggest neurocardiogenic syncope (96). 
This leaves those children who have recurrent syncope 
without a definable cause, especially if it occurs during 
exercise. Most of these patients will have neurocardio-
genic syncope. In this group a positive response to the 
head-up tilt test may establish the diagnosis and elimi-
nate the need for further expensive tests. Hence, if a 
routine ECG and echocardiogram, ambulatory moni-
toring, and an exercise tolerance test fail to establish 
the diagnosis, a positive head-up tilt test might suggest 
appropriate therapy and allow the gradual resumption 
of full activity by the child. That would be particularly 
important for children who are interested in resuming 
competitive sports. A detailed study of the evaluation of 
syncope, irrespective of age, has been published by the 
American Heart Association (97).

Narcolepsy and Cataplexy. Children who have cata-
plexy suddenly drop to the ground with bilateral loss 
of muscle tone in response to an unexpected touch or 

emotional stimulus such as laughter. The attacks are brief, 
and it is not clear if some patients lose consciousness 
during them, but that is unlikely. Most children with 
cataplexy also suffer from narcolepsy, a state of excessive 
daytime drowsiness punctuated by periods during which 
the patient rapidly falls asleep, frequently under unusual 
circumstances such as while engaged in conversation (98). 
This sometimes leads to confusing narcoleptic attacks 
with episodes of absence, or subliminal status, although 
the narcoleptic patient appears to be in a state of normal 
sleep and continues to sleep for many minutes unless 
aroused by an external stimulus. In addition to cataplexy 
and narcolepsy, the narcoleptic syndrome includes tran-
sient episodes of inability to move when awakening (sleep 
paralysis) and brief hallucinatory episodes on arousal, 
which are usually visual. The four components of the 
syndrome do not appear simultaneously, and some may 
never occur in a narcoleptic patient. Narcolepsy and cata-
plexy are the two that are most commonly associated. 
These four phenomena are consistent with features of 
REM sleep, in the waking state, probably as a result of yet 
undescribed defects in the reticular activating system.

The EEG clearly differentiates between cata-
plexy and narcolepsy and a tonic or absence seizure if 
recorded during an attack. In the interictal period, a 
multiple sleep latency test using the EEG can be help-
ful. The child is allowed to go to sleep on five different 
occasions during the day. If REM sleep occurs within 
10 minutes of the onset of sleep on two of these occa-
sions, the tracing is compatible with the diagnosis of 
narcolepsy. The HLA-DR2 haplotype has a high degree 
of association with the syndrome and may be helpful in 
making a diagnosis. Reduced hypocretin (orexin A) is 
found in the spinal fluid. The symptoms of narcolepsy 
can sometimes be ameliorated by the use of stimulant 
drugs such as modafanil, and cataplexy by antidepres-
sant drugs such as fluoxetine (99) or rarely by an anti-
epileptic, carbamazepine (100).

Basilar Migraine. The basilar variant of migraine 
generally begins in adolescence but may occur in chil-
dren in the first years of life (101, 102). It is more 
common in females. Some attacks begin with sudden 
loss of consciousness and posture. Upon recovery, the 
child often experiences a severe occipital or vertex head-
ache; however, most patients have symptoms of other 
abnormalities of brainstem function such as dizziness 
or vertigo or bilateral visual loss. Diplopia, dysarthria, 
and bilateral paresthesias occur less often. Frequently, 
there is a family history of migraine. Close relatives may 
have had similar attacks. Up to one-third of children 
with basilar migraine have paroxysmal interictal EEGs, 
some with occipital spike and wave complexes (103). 
A diagnosis must be made on clinical grounds. Many 
children with basilar migraine respond to antiepileptic 
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drugs, and others respond to agents that block the trans-
port of calcium into the cell.

Disorders of Respiration

Apnea. Sudden apneic attacks that occur when the 
infant is awake are even more likely to be thought of as 
possible seizures, especially if the infant also suddenly 
develops a fixed stare or begins to flail about (104). 
However, these kinds of attacks are exactly what one sees 
with some infants who have gastroesophageal reflux (105). 
Each of these signs—apnea, staring, and flailing—may 
occur alone or in combination. Of the three, episodic 
apnea is the most frequent sign of reflux. The problem 
is the result of incompetence of the upper and lower 
esophageal sphincters, which leads to the reflux and 
sometimes to the aspiration of stomach contents. This 
occurs most often when infants are in a flat position just 
after they are fed. The flailing movements are generally 
thought to be a response to esophageal pain resulting 
from the acidic refluxed stomach contents. The episodes 
are not associated with EEG abnormalities. Proof of 
reflux is often difficult to obtain, although in many 
infants it can be seen during a barium swallow. Lesser 
degrees of reflux can, at times, be diagnosed by the 
use of radioisotopes or the measurement of esophageal 
pH. The presence of reflux does not necessarily mean 
that the physician has found the cause of the child’s 
symptoms unless the disorder coincides with the time of 
reflux. The presence of significant reflux in a symptom-
atic infant is sufficient reason to start therapy. Treat-
ment usually involves positioning the baby in a more 
upright posture after feeding, thickening feedings, and 
finally, in rare instances, fundoplication (106). Video-
EEG studies may be needed to prove an apneic attack 
is a form of epilepsy.

Breath-Holding. Breath-holding also involves attacks 
of respiratory arrest that can be mistaken for seizures, 
but the episodes occur in a very different setting (107). 
There are two forms of breath-holding spells: pallid and 
cyanotic. Cyanotic spells were the first to be described. 
They usually peak in the second or third year of life. 
Almost invariably, the child has been frightened or 
frustrated or has had a minor injury and begins to cry 
vigorously. Then the child suddenly stops breathing, 
often on inspiration. After several seconds, the child 
turns blue and loses consciousness. The child is often 
limp at this time. The period of unconsciousness is brief, 
usually lasting less than 1 minute, although it can be 
more prolonged. When the child regains consciousness, 
he or she is alert and frequently resumes normal activi-
ties immediately. Pallid breath-holding attacks often 
follow minor trauma and actually represent vasovagal 

episodes. Crying is minimal or absent. The child quickly 
loses consciousness and is limp. The attacks last more 
than 1 minute and may result in a seizure caused by 
cerebral ischemia (108).

Both cyanotic and pallid forms of breath-holding 
result from reflex changes that decrease cerebral blood 
flow. The exact mechanism may vary from one child to 
another. If there is a reflex cessation of respiration in inspi-
ration, venous return to the thorax may be decreased, 
resulting in a decreased cardiac output. Children with 
pallid spells experience changes in heart rate and rhythm 
and a decrease in blood pressure.

Neither type of breath-holding attack is accompa-
nied by an epileptic EEG discharge. These attacks are 
not associated with an increased incidence of epileptic 
seizures later in life, even if generalized clonic jerks occur 
secondarily during the attack. The diagnosis is usually 
made by the history. Breath-holding attacks usually 
occur less than two to three times a month in suscep-
tible children, and the episodes invariably cease by 5 
to 6 years of age. Occasionally children have pallid 
attacks that occur several times a week or even daily. 
The frequency of the episodes in these children may 
sometimes be reduced with the use of atropine-like 
agents or iron supplementation, but the optimal treat-
ment is behavioral modification directed at reducing 
the parents’ emotional reactions to the episodes. Pallid 
attacks that are associated with severe bradycardia or 
asystole have been successfully treated with implan-
tation of a cardiac pacemaker (109). Recently, it has 
been suggested that severe breath-holding spells may be 
inherited as an autosomal dominant trait with variable 
penetrance (110).

Hyperventilation. Hyperventilation is defined as physi-
ologically inappropriate overbreathing (111). Acute 
hyperventilation is often associated with a feeling of 
intense anxiety or even panic. Patients may feel they are 
suffocating or choking during the attack. Other symp-
toms of acute anxiety may occur, including dry mouth, 
globus hystericus, chest pain, palpitations, and tachy-
cardia. If the patient becomes severely alkalotic, he may 
complain of headache, tinnitus, dizziness or vertigo, tin-
gling of the face and hands, or carpopedal spasm. The 
patient may lose consciousness. This may be followed by 
a generalized seizure. The diagnosis is usually made by 
the history of symptoms and signs that precede the loss 
of consciousness. In the past, the diagnosis was assumed 
confirmed if (1) the attack were seen and aborted by hav-
ing the patient rebreathe into a paper bag, and (2) the 
symptoms could be reproduced by the hyperventilation 
provocation test. Recently, however, studies have shown 
that patients’ symptoms may have nothing to do with 
their PCO2. Hyperventilation may be a consequence and 
not a cause of these attacks (112).
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Perceptual Disturbances

Hallucinations. Hallucinatory episodes can be an aura 
to an ictus or less frequently or ictal event. However, 
hallucinatory experiences can be seen with psychoses 
and with extreme stress in nonpsychotic children (113). 
They also may result from drugs, particularly anti-
epileptics (114, 115). Episodes can be visual, audi-
tory or, less often, sensory. The history is essential to 
the diagnosis. An EEG taken during the event is also 
helpful.

Headache and Other Pains. Headache is often seen fol-
lowing a generalized motor seizure. Less frequently it occurs 
as an aura before a complex partial seizure (116). Ictal pain 
is usually unilateral; it occurs most often in the arm, and 
it may be the only manifestation of a seizure (117). The 
focus is often in the contralateral rolandic area. Headache 
may be the only symptom of a partial seizure, although 
this is extremely rare. Children who have this type of 
headache often have signs of cerebral injury, do not get 
relief from sleep, and do not have a family history of 
migraine (118).

Paroxysmal recurrent headaches are characteristic 
of migraine. When children with migraine headaches have 
an aura, it usually is visual. A migrainous aura is usu-
ally made up of loss of part of a visual field or of simple 
lines or dots that are black and white. Visual phenomena 
more often associated with epilepsy consist of changes 
in the size or shape of objects or the intrusion of colored 
objects. Less common migrainous auras are loss of motor, 
speech, or sensory function. The headaches are apt to be 
throbbing and are sometimes unilateral. They are often 
relieved by a brief period of sleep. They are frequently 
associated with gastrointestinal disturbances. There is 
a strong history of migraine in the immediate family in 
more than half of the patients.

Epilepsy and migraine coexist in many children. 
Between 3% and 7% of children with migraine have epi-
lepsy. Most have partial seizures. Benign occipital and rolan-
dic seizures are frequently associated with migraine (119). 
A large percentage of migraineurs (perhaps as high as 
20%) have interictal records that are paroxysmal even 
though they have no seizures. Approximately 60% of 
children who have migraine headaches obtain signifi-
cant relief with antiepileptic medication (120). Because 
migraine occurs in 4% to 12% of children, depend-
ing on age, and epilepsy occurs in less than 1%, the 
most recurrent paroxysmal headaches are likely to be 
migrainous, even in those children who have complex 
partial seizures. Furthermore, migraine headaches can 
be clinically defined by their associated symptoms and 
family history. The distinction between migraine and 
epilepsy is made more difficult by the fact that a migrain-
ous aura may not be followed by headache (acephalgic 

migraine). In addition, several paroxysmal events that 
occur in children such as recurrent episodes of abdomi-
nal pain or vomiting, vertigo, confusion, and alternating 
hemiplegia may be followed by migraine, not epilepsy, 
later in life (121).

The criteria for diagnosing an isolated headache 
as an ictal event should rely heavily on recording a 
paroxysmal change in the EEG taken at the time of 
the episode.

Recurrent abdominal pain (122), usually perium-
bilical, with or without vomiting, pallor, or an idiopathic 
fever, can be caused by migraine and perhaps, in rare 
cases, by epilepsy. Most children who have this problem 
do not have either disorder. Children with recurrent 
abdominal pain frequently see a physician to rule out 
epilepsy. The range of interictal paroxysmal EEGs in 
children with this syndrome is 7% to 76% in different 
series. Approximately 15% of these children do have 
epileptic seizures, and more than 40% have recurrent 
headaches. Approximately 20% have a family history 
of migraine. Even those children who have other epi-
leptic seizures do not generally have isolated abdominal 
pain that is epileptic in origin. Children with abdomi-
nal pain usually do not respond to antiepileptic drugs, 
but approximately 20%, in our experience, do respond 
to antimigrainous drugs such as beta blockers or tricy-
clic antidepressants. Children with recurrent abdominal 
pain who do not have other seizures at the time they first 
present are unlikely to develop epilepsy. However, they 
are at greater risk for developing migraine later in life 
(123). In the majority, the attacks recede and are infre-
quent or have disappeared by the end of puberty. This 
is another pain syndrome in which the few cases that 
have been definitely diagnosed as the result of epilepsy 
have had EEG recordings at the time of the attack. The 
tracing becomes paroxysmal coincident with the onset 
of clinical symptoms.

Vertigo and Ataxia

Benign Paroxysmal Vertigo. Sudden or repeated attacks 
of dysequilibrium in children are sometimes confused 
with epilepsy. Children with benign paroxysmal vertigo 
(124) have repeated attacks of vertigo lasting minutes 
to hours. These episodes can occur as often two or three 
times a week, but many children have only one attack 
every 2 to 3 months. The onset is sudden. During the 
attack, the child is often unable to walk unaided and may 
be nauseated. Nystagmus need not be present. There is 
no hearing loss or tinnitus. The child is alert, responsive, 
and distressed. Interictally, the examination and the EEG 
are normal. There is no change in the audiogram. Caloric 
tests of vestibular function are usually normal, but a 
minority of children have evidence of canal paresis indi-
cating dysfunction of the vestibular end organ in the ear. 
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Many of these children have a family history of migraine, 
and some already have migraine headaches. They may 
have a directional preponderance to their nystagmus on 
testing. A substantial number develop migraine later in 
life. The association between these attacks of vertigo 
in childhood and migraine is so strong that some have 
defined benign paroxysmal vertigo as a migraine variant. 
No treatment is indicated. The attacks do not seem to 
respond to either antiepileptic or antimigrainous medi-
cines. The disorder usually subsides by 6 to 8 years of 
age. The term benign paroxysmal vertigo is also used 
to describe positional vertigo in adults. This disorder is 
associated with positional nystagmus and appears to be 
labyrinthine in origin (125).

Vestibulocerebellar Ataxia. There are several forms of 
paroxysmal ataxia that may be mistaken for a seizure. 
One form is associated with nystagmus, but tests of the 
semicircular canals are normal. The disorder frequently 
responds to acetazolamide. It is an autosomal dominant 
disorder that has been mapped to chromosome 19p (126). 
In other families, similar symptoms and signs start in 
adult life and do not localize to chromosome 19p (127). 
These patients often do not respond to acetazolamide. In 
both disorders, the patients remain oriented and there is 
no other history to suggest seizures.

Behavioral Disorders

Stereotyped Movements. Stereotyped movements are 
patterned repetitive movements that recur frequently, 
often many times each day, in the same form (128, 129). 
These movements can be seen in normal children but 
are much more common in children who are mentally 
retarded or autistic. Head banging, head rolling, and 
body rocking often occur when the older infant or 
child is awake. Head banging is often part of a tem-
per tantrum. Head rolling and body rocking are forms 
of self-stimulation that seem to result in pleasurable 
sensations. Flapping the hands or arms is a movement 
that also seems to relieve anxiety. The normal infant or 
child may stop these repetitive movements if touched 
or diverted by other stimuli. None of these behaviors 
have any direct association with future epileptic attacks, 
and they occur without a significant change in the EEG 
(when it is technically possible to record the patient). 
They are more apt to occur in irritable, excessively 
active, or retarded children. The movements decline 
rapidly toward the end of the second year of life. No 
treatment is necessary unless they persist until the child 
is 30 to 36 months of age. At that time, the movements 
may be reduced by behavioral modification techniques. 
There is no specific drug that is effective in treating 
these disorders without producing significant sedation, 

although recently it has been suggested, on the basis 
of a small series, that clomipramine may reduce the 
movements (130).

Masturbation. Infants who are masturbating are usu-
ally sitting with their legs held tightly together, sometimes 
straddling the bars of their crib or playpen, rocking 
back and forth (131, 132). The behavior can almost 
always be aborted by a distracting stimulus and usu-
ally disappears spontaneously in several months. Mas-
turbatory movements in older children are less likely 
to be confused with seizure activity. They usually lay 
prone on a flat surface such as a rug or bed and rub 
their genitals back and forth against the fibers. The 
children are alert and usually stop on command. Fur-
thermore, they can demonstrate the movements when 
requested to do so. What the parents usually mistake as 
the seizure is the detached look and lack of responsive-
ness that the children get during the period of climax. 
The history preceding the climax makes the diagnosis. 
At times, home video or EEG documentation of these 
events may allow the physician to determine the nature 
of the behavior (133).

Acute Confusion. Episodic confusion is not usually seen 
in children unless accompanied by other signs of acute dis-
ease such as fever, vomiting, or obtundation. Metabolic 
disorders that produce recurrent episodes of ketosis, aci-
dosis, hypoglycemia, or hyperammonemia can also be the 
cause of recurrent confusional states. Children who have 
this problem should be screened for a metabolic disorder 
or drug ingestion (see Table 10-1).

Repeated attacks of confusion, usually associated 
with delirium, may also occur in children with migraine 
(134, 135). There is often no associated headache, and 
there is no clinical or laboratory evidence of an infection 
or a metabolic disturbance. There may be a history of 
recent trauma. The attack lasts for hours but is almost 
always over within a day. There is usually a family his-
tory of migraine, and the patient may have had typical 
migraine headaches on other occasions. Confusional 
migraine is much more likely to occur in adolescence than 
in the first decade of life. Periods of confusion can be seen 
with complex parietal and absence seizures without ictal 
motor behaviors (136). Nonconvulsive status epilepticus 
may present as an acute confusional state at any age and 
can only be diagnosed by the EEG (137).

Panic or Fear. Ictal fear is usually a brief event and often 
precedes or is accompanied by other evidence of a complex 
partial seizure (138). It is not related to provocation and 
can be overwhelming. Panic attacks can occur as an acute 
event during the course of a more chronic anxiety disorder 
or in patients who are depressed or schizophrenic, but they 
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can also occur in the absence of an underlying emotional 
disorder. Ictal fear begins in childhood.

Panic attacks last minutes to hours and are accom-
panied by many symptoms such as palpitations, sweat-
ing, dizziness or vertigo, and feelings of unreality or loss 
of control. The frequency of panic attacks increases in 
late adolescence and adult life. These symptoms are less 
prominent with ictal or preictal fear. Ictal fear is also 
more likely to be associated with repeated, stereotyped 
behaviors with each attack. Only an EEG at the time of 
the attack differentiates ictal fear from a nonepileptic 
panic attack if the history is not clear. Recent studies 
suggest that individuals who do not have seizures but 
do suffer from panic disorder may also have excessive 
neuronal activity in the frontotemporal region. Nonictal 
panic does not respond to antiepileptic drugs. The under-
lying disorder must be treated with psychiatric care using 
cognitive therapy, which can be combined with drugs to 
modify mood or anxiety (138, 139).

Rage. Rage attacks (intermittent explosive disorder) 
(140) are not unusual in epileptic children, especially 
those who have frontal or temporal lobe lesions, but 
they are usually not part of the ictal event. Rage is also 
more common in hyperactive children and in others who 
have conduct, mood, or personality disorders. Ictal rage 
is unprovoked and not focused on a particular object 
or individual. Interictal rage or rage reactions without 
seizures usually occurs in response to frustration, stress, 
or threatening situations. It is not the only evidence of 
a behavioral problem. It is often preceded by a period 
of whining, screaming, and crying. The anger is fre-
quently directed at the source. The child may remember 
the attack. Behavior can frequently be modified during 
the episode. The event can rarely be recorded by EEG 
because of artifact. This type of rage does not respond to 
antiepileptic drugs, with the possible exception of carba-
mazepine, and is best treated by behavior modification. 
Propranolol, antipsychotic, antidepressant, and mood 
stabilizing drugs may also help.

Pseudoseizures (Nonepileptic Seizures) (141). Pseu-
doseizures are psychogenic seizures defined as episodes 
that resemble an epileptic seizure but are unaccompanied 
by EEG abnormalities (142, 143). Such episodes are felt 
to be the symptom of a dissociative disorder. Implicit 
in the definition is the idea that individuals who have 
pseudoseizures do not consciously produce or control 
them and thus are not malingerers. The definition of a 
pseudoseizure has always been an uncomfortable one 
because a number of unusual symptoms that are pre-
sumed to be epileptic can occur without an abnormal-
ity on the scalp EEG. Pseudoseizures do not respond to 
antiepileptic drugs. At least 20% of those who have these 

nonepileptic seizures are children with true epilepsy that 
is often poorly controlled, which further complicates the 
differential diagnosis.

No particular behavior or movement before, dur-
ing, or after the ictal state differentiates a seizure from a 
pseudoseizure. The onset of pseudoseizures often builds 
over minutes; the symptoms at the onset frequently 
suggest anxiety or a panic attack, that is, dyspnea, 
paresthesias, light-headedness, and palpitations; the 
ictal movements are often asymmetric and without 
rhythm, such as thrashing or flailing arm movements; 
the patient may scream or weep (144). There can be 
pelvic thrusting; unfortunately, similar movements and 
behaviors can be seen with seizures that arise deep in 
the frontal lobe. However, none of these may occur. A 
period of absence may still represent a psychologically 
determined event rather than epilepsy.

The diagnosis of pseudoseizures has been aided 
considerably in recent years by the development of 
techniques that allow the EEG to be recorded for long 
periods of time. EEG telemetry allows the patient’s 
brain waves to be recorded during the episodes in 
question. The physician can also see and evaluate the 
clinical event. There are a number of clues that help 
distinguish seizures from pseudoseizures (Table 10-6), 
although none allow an absolute diagnosis. Pseudosei-
zures can sometimes be elicited by suggestion, usually 
by giving the patient a saline infusion (145). In our 
experience, this technique is not suitable for younger 
children or moderately to severely retarded patients. 
Photic stimulation or hyperventilation are more satis-
factory to techniques for these populations. Suggestion 
may also induce true seizures in patients who have both 
pseudoseizures and epilepsy.

The separation of epileptic seizures from pseudosei-
zures is often difficult and expensive, requiring prolonged 
EEG recordings and possible hospitalization. However, 
the distinction is extremely important because pseudo-
seizures can be sometimes be treated effectively as an 
emotional disturbance, thus avoiding inappropriate anti-
epileptic drug administration.

SUMMARY

In this chapter we have presented some of the clinical 
conditions that can be mistaken for epilepsy or an iso-
lated seizure in an infant, young child, or adolescent. 
The large number of these conditions that encompass 
motor function, respiration, sensory experience, and 
behavior, both when awake and asleep in all ages from 
infancy into adult life, is testimony to the variety of ways 
in which epilepsy can present. Many families are often 
perplexed by—or often ignore—unusual behaviors their 
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child is experiencing and postpone seeing a physician 
because their notion of epilepsy involves a sudden fall 
to the ground with stiffening and jerking of the limbs. 
It is important to recognize how many experiences that 

are out of the normal flow of events during the day or 
during sleep can be epileptic and how many nonepilep-
tic disorders can mimic those events and confuse the 
physician.

TABLE 10-6
Seizures and Pseudoseizures

 EPILEPTIC SEIZURES PSEUDOSEIZURES

Type of movement

Automatisms

Consciousness

Language

Incontinence

Self-injury

Postictal confusion, headache,
 drowsiness

Precipitating events

Frequency

EEG

Interictal

Ictal

Elevated prolactin after ictus

Response to antiepileptics

Clonic jerks that are usually flexor, 
rhythmic, and in all involved 
extremities. Sudden drops to the 
ground.

Simple, such as lip smacking, picking
at clothes. Complex, such as 
dressing, undressing, walking in 
circles

Usually out of contact with the 
environment

Initial scream, groans, mumbling

Frequent

Rare

Frequent

Can be present, specific stressful 
situations may increase seizure 
incidence

Usually single episodes

Often epileptiform transients

Almost always a sudden, paroxysmal
discharge, coincident with the attack

Yes, but normal levels do not rule out
a true seizure (146)

Usually

Movements are often lateral, as well
as flexor and extensor. Often out of 
phase in the involved limbs. Some 
movements have a tremor-like 
quality. Others are flailing. There are 
unusual movements such as pelvic 
thrusts, sudden drops to the ground

Not usually seen or when noted, may
not be stereotyped.

May be responsive during the attack

Yelling and vulgar language sometimes
occur

Rare

Rare

Rare

Incidence can be increased by specific
stressful situations

May occur in clusters

Often epileptiform transients

No paroxysmal changes

No

Rare. There may be a placebo effect.
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Evaluating the Child 
with Seizure

eizures are time-limited paroxysmal 
events that result from abnormal, 
involuntary rhythmic neuronal dis-
charges in the brain (1). The term 

seizure appears to arise from a notion that patients were 
possessed or seized by spirits in old times. Age-adjusted 
incidence for first diagnosis of unprovoked seizure is 61 
per 100,000 person-years (2). Incidence of first nonfebrile 
seizure in children is 25,000 to 40,000 per year in the 
United States (3). Although mortality directly related to 
seizure is low in these children, 45% to 50% will have 
recurrence (4–6). Therefore it is important to evaluate 
patients with seizures and events that look like seizures.

Common conditions that are mistaken for seizures 
are gastroesophageal (GE) reflux, apneic episodes, self-
stimulating behavior, breath-holding spells, migraine, 
attention deficit hyperactivity disorder (ADHD), and 
sleep disorders (see Chapter 11).

Seizures can be classified based on etiologies and 
types. Etiologic classification includes provoked and 
unprovoked seizures. Provoked seizures are defined as 
seizures occurring in close temporal association with an 
acute systemic, metabolic, or toxic insult or with an acute 
central nervous system (CNS) insult (7). Common causes 
of provoked seizures include metabolic disturbances such 
as hyponatremia, hypoglycemia and hyperglycemia, 
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hypocalcemia, and acute neurological conditions such 
as trauma, stroke, meningitis, and recreational drug or 
alcohol use or withdrawal. Unprovoked seizures can be 
classified based on etiologies as idiopathic (with particu-
lar clinical characteristics and specific electroencephalo-
graphic [EEG] findings), symptomatic (due to metabolic, 
genetic disorders or structural abnormalities), or crypto-
genic (unknown etiology) (7). The term cryptogenic sug-
gests a cause may be subsequently discovered. Classification 
based on seizure types is based on International League 
Against Epilepsy (ILAE) classification (see Chapter 9).

Epilepsy is defined as occurrence of two or more 
unprovoked seizures (7). It is important to note that the 
occurrence of multiple seizures in a 24-hour period is 
considered as one seizure (7).

When a patient presents with a seizure or seizure-
like events, goals are to identify whether the event was 
a seizure or not; if it was a seizure, to identify the type 
of seizure based on ILAE criteria, identify the etiology 
of seizure, and anticipate recurrence and the need for 
treatment.

Identifying critical elements during the evaluation of 
a seizure or event that appeared seizure-like is the most 
important aspect of establishing the diagnosis of epilepsy. 
This chapter aims to recommend the initial evaluation of 
a patient presenting with seizure.

S

11
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PATIENT EVALUATION

History

The following pertinent history should be elicited:

Age

Certain seizure types are age dependent. Examples 
are infantile spasms, febrile seizures, benign epilepsy with 
centrotemporal spikes (BECTS), childhood absence sei-
zures, juvenile absence seizures, and juvenile myoclonic 
epilepsy. Children are most vulnerable to develop epilepsy 
during the first year of life (2, 8). Etiologies for status 
epilepticus differ based on age. During the first 2 years of 
life status epilepticus is more common in neurologically 
normal children, whereas later on it is more common in 
neurologically abnormal children (9).

Preceding or Precipitating Events

Knowing the events immediately before a seizure 
episode is very important. Parents may not perceive that 
premonitory symptoms or auras are part of a seizure and 
may not volunteer this information to the physician. Most 
common manifestations of aura associated with temporal 
lobe seizures are autonomic. These include “funny feel-
ings,” epigastric sensations, flushing, sweating, palpita-
tions, nausea, or dizziness.

The presence of preceding events also helps to dif-
ferentiate nonepileptic events, such as crying preceding 
breath-holding spells and feeding preceding reflux. Loud 
noises and stimuli can lead to hyperekplexia, which may 
look like seizure.

Certain seizures are provoked by specific stimuli 
and are called reflex seizures. Well-known precipitating 
factors are visual stimuli, flickering light, thinking, praxis, 
reading, somatosensory and proprioceptive stimuli, eat-
ing, music, hot water, and startle (10). Other nonspecific 
factors are also associated with induction of seizure. In a 
study of 1,677 patients with epilepsy, 53% reported one 
and 30% reported two or more precipitating factors. 
Most common factors were emotional stress, sleep depri-
vation, fatigue, and alcohol consumption. Patients with 
generalized seizures were more sensitive to sleep depriva-
tion and flickering light than patients with localization-
related epilepsy (11).

Timing of Event

Epilepsies associated with awakening seizures are 
usually primary generalized seizure disorders such as 
juvenile myoclonic epilepsy and absence seizures. Sleep 
epilepsies include focal or secondarily generalized seizure 
disorders such as BECTS, Landau-Kleffner, electrical sta-
tus epilepticus in sleep (ESES), and frontal lobe seizures. 
Temporal lobe seizures are also more common during 

sleep. Complex partial seizures generalize more frequently 
during sleep. Seizures are more common during stage 1 
and 2 sleep and least common during rapid eye movement 
(REM) sleep. Also nonepileptic seizures do not occur out of 
sleep (12, 13). Unprovoked seizures occurring out of sleep 
have a higher risk of recurrence and the sleep state at the time 
of the first seizure correlates with successive seizures (14). 
Patients with seizures occurring in sleep have higher chances 
of having an abnormal EEG (15). Knowing the child’s state 
immediately before and after the event is extremely impor-
tant and frequently diagnostic.

The Event Itself

Have the parents and family members describe a 
chronological account of what they witnessed. Caregiv-
ers often use diagnostic terms such as “petit mal,” drawing 
conclusions. Often the exact description may allow the 
physician to determine whether an event was a seizure or 
not, and if a seizure, what type. Also a majority of the time 
seizures are described as “shaking.” It is not reasonable to 
speculate that this means clonic activity because it could 
mean trembling associated with tonic seizure, clonic activ-
ity, or simply pelvic thrusting or bicycling motion. Wit-
nesses should be asked to demonstrate the event if they can. 
A seizure may start in one part of the body and progress to 
the whole body with loss of consciousness. Therefore, it is 
important to ascertain how and where it started.

The history of forced eye closure during an event 
most likely suggests a nonepileptic event. The mouth is 
usually open during tonic seizure. Forced clenching of 
the mouth is associated with pseudoseizures (16). Gaze 
deviation can help determine focal nature of the event 
and help in localization.

Duration of the event may allow differentiation of 
seizure from status epilepticus, which is treated differ-
ently and has a different prognosis. Status epilepticus 
is defined as seizure or a series of seizures lasting 30 or 
more minutes (7). In a study of 407 children presenting 
with a first unprovoked seizure the authors reported that 
50% had seizures lasting 5 minutes or longer, 29% 20 
minutes, and 12% 30 minutes. Seizures of partial onset 
were more likely to be prolonged. 92% of the seizures 
stopped spontaneously (17). The likelihood of a seizure 
stopping spontaneously decreases after 5 minutes and 
reaches a minimum at 15 minutes. Also, the duration of 
subsequent seizures correlates with the length of the first 
episode (17). It is not uncommon, however, to overesti-
mate or underestimate the duration of the event.

It is important to ask the patient about what they 
remember of the event. This may help to identify the exact 
duration of loss of consciousness or awareness, if any.

After the cessation of the event the patient’s con-
dition is important to know. Malingering patients will 
be back to baseline immediately after a dramatic motor 
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seizure. Others may show confusion, tiredness, sleepiness, 
or hemiparesis. Continued altered awareness may be due 
to postictal state or continued subclinical seizure.

Prior history of other paroxysmal events, similar 
events, other seizures, and febrile seizures is important. 
Recurrence risk after a second seizure increases to about 
70%. High risk was seen if seizure recurred within 
6 months of the first seizure (14). In patients with newly 
diagnosed epilepsy about 17% have seizures of more than 
one type (18). Such patients have lower a probability 
of remission of epilepsy (19). A total of 2% to 10% of 
patients with febrile seizures develop epilepsy. Complex 
febrile seizures are associated with an increased risk of 
subsequent development of epilepsy (4, 20).

Associated Events

Common events associated with generalized motor 
seizures are tongue biting, bowel or bladder incontinence, 
and respiratory attenuation. Tongue biting can be seen 
during the clonic phase of a seizure (16).

Irregular respiration and pauses in respirations are 
seen during clonic and tonic phases of generalized seizures. 
Cyanosis may be present with a seizure. Often peripheral 
cyanosis is not associated with central hypoxia. Malin-
gering patients may not be able to demonstrate cyanosis. 
Respiratory involvement may also make seizures more 
frightening for the family, and early interventions may be 
needed in those at risk for prolonged convulsions.

Review of Systems

Fever, lethargy, headache, and photophobia may 
point toward meningitis and encephalitis as a cause of sei-
zures. Diarrhea and vomiting leading to dehydration and 
electrolyte imbalance can provoke seizures. It is impor-
tant to ask about diet, especially in infants and teenage 
females. In infants who are formula fed, if the formula is 
improperly mixed, there are chances of electrolyte imbal-
ance leading to seizures. Teenage females should be asked 
questions regarding bulimia, “dieting” and “diet pills” if 
suspected. Teenagers should also be asked about recre-
ational drug and alcohol use. History of trauma should be 
evaluated. Other medical conditions such as diabetes and 
infections should be considered. Exposure to toxins and 
heavy metals should be suspected in a younger child.

Medication

It is helpful to know whether the patient is taking 
medications that are known to decrease seizure threshold. 
Also, the history of hypoglycemic agents and diuretic use 
is helpful.

Birth History

Premature newborns who weigh less than 1.5 lb 
are at higher risk for brain injury leading to acute or 

remote symptomatic seizures. In-utero exposure to infec-
tious agents, recreational drugs, alcohol, and teratogenic 
medications can also cause structural brain abnormality. 
Meningitis, increased bilirubin levels, respiratory prob-
lems occurring during the postnatal period are important 
to know for the same reason. Maternal history of oligo-
hydramnios or polyhydramnios, fetal hiccups, or episodic 
hammering fetal movements may suggest neurological 
disorders in the fetus.

Developmental History

History of language, motor or psychosocial delays, 
and regression and timing of regression should be evaluated. 
A total of 15% to 30% of patients with childhood-onset 
epilepsy have cerebral palsy or mental retardation and 11% 
to 39% of children with autistic spectrum disorders develop 
epilepsy (8, 21, 22). Patients with severe autism have a 
higher incidence of epilepsy (23). Developmental delays 
may be a hallmark of chromosomal disorders and associated 
epilepsy (24, 25). Language regression and seizures may rep-
resent Landau-Kleffner syndrome. Global regression may be 
seen at the onset of ESES (21) (see Chapter 26). Children with 
developmental delay or mental retardation have a higher risk 
of intractable seizure. It is likely that these disorders represent 
widespread underlying CNS abnormalities (19).

Family History

In a study of patients with seizures about 35% of 
patients reported seizures in first-degree relatives (26). 
Inherited epilepsies include autosomal dominant noctur-
nal frontal lobe epilepsy (ADNFLE), BECTS, juvenile 
myoclonic epilepsy (JME), generalized epilepsy with 
febrile seizures plus syndrome, benign familial neonatal 
convulsions, benign familial infantile convulsions, and 
other idiopathic generalized epilepsy (27).

In a study looking at risk of epilepsy in adults with 
seizures, cryptogenic or idiopathic epilepsy with partial 
onset showed a higher occurrence rate in successive gen-
erations, whereas the occurrence rate for generalized epi-
lepsy remained the same in all generations (28). In twin 
studies there was concordance of occurrence of seizure in 
monozygotic and dizygotic twins and status epilepticus 
in monozygotic twins (26, 29).

Physical Examination

General Examination

Head circumference should be measured. Presence 
of microcephaly could be secondary to congenital infec-
tions, hypoxia or maternal diseases, and drug and toxin 
exposure. Cranial malformations such as lissencephaly, 
cortical dysplasia, and heterotropia are primary causes of 
microcephaly (30–32). Macrocephaly is associated with 
storage disorders and hydrocephalus (31).
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Fundoscopic examination may show papilledema 
suggesting increased intracranial pressure or cherry red 
spot associated with storage diseases, or findings associ-
ated with neurocutaneous syndromes or congenital mal-
formations.

The examiner should look for dysmorphic features. 
Microcephaly, craniosynostosis, deep-set eyes, hyper-
telorism, low-set ears, midface hypoplasia, depressed 
bridge of nose, microstomia or macrostomia, simian 
crease, and hand and foot abnormalities are some of 
the features that present in chromosomal disorders 
associated with seizures (24, 25). Dysmorphic fea-
tures such as cleft lip and cleft palate are known to be 
associated with cranial dysplasia. Abnormal hair pat-
terning may suggest abnormalities in brain development 
before 18 weeks. Microcephaly with abnormal hair pat-
terning may be seen with brain abnormality rather than 
craniosynostosis (33).

The examination of the skin is important; a num-
ber of neurocutaneous syndromes are associated with 
seizures. Incontentia pigmenti, linear nevus syndrome, 
hypomelanosis of Ito, tuberous sclerosis, Sturge-Weber 
syndrome, and neurofibromatosis are examples of these 
neurocutaneous syndromes (see Chapter 30). Skin exami-
nation can also reveal signs of physical abuse.

Nuchal rigidity, positive Kernig’s and Brudzinski’s 
signs suggest meningitis. Infants with open fontanel may 
not present with these signs but will show a bulging or 
tense fontanel.

Organomegaly may be seen with metabolic storage 
diseases.

Neurological Examination

Determination of ongoing seizure should be the 
first step in the evaluation of a patient presenting with a 
history of seizure. The patient may present with altered 
sensorium, which could be due to ongoing seizure, postic-
tal phenomena, or medication used. Dysarthria or visual 
changes may be present postictally. A hemiparesis may 
suggest Todd’s paralysis and a partial seizure. Presence 
of Todd’s paralysis after a first unprovoked seizure is 
associated with increased risk of recurrence (14).

In patients suspected of having absense seizure 
hyperventilate for at least 3 minutes as this may precipi-
tate a seizure.

Laboratory Studies

Basic Metabolic Panel

Seizures provoked by metabolic abnormalities in an 
otherwise normal child are rare. Therefore, basic tests 
should be done based on clinical judgment per American 
Academy of Neurology (AAN) guidelines for evaluation 
of first unprovoked seizure (3).

Lumbar Puncture

If there is clinical suspicion of meningitis or encepha-
litis, lumbar puncture should be done per AAN guidelines 
for evaluation of first unprovoked seizure.

Urine Toxicology

Routine urinalysis is not recommended, but if there 
is clinical suspicion of recreational drug use, a urine drug 
screen should be obtained.

Liver Function Tests

If there is history suggestive of a potentially degener-
ative, metabolic or storage disorders or there is anticipa-
tion of starting antiepilepsy drugs (AEDs), liver function 
tests should be performed.

Screening for Inherited Metabolic Disorders

These tests may not be obtained during the initial 
evaluation, but are very important in seizure evaluation 
and management and so are mentioned here.

About 200 inherited disorders are associated with 
seizures (34). There are clues such as certain seizure types, 
characteristic EEG patterns, and specific epilepsy syn-
dromes that point to some of these disorders. Associated 
symptoms of mental retardation, developmental delays, 
hypotonia, macrocephaly and microcephaly, and failure to 
thrive may also suggest the possibility of a metabolic dis-
order. In patients with myoclonic seizures, spasms, early-
onset tonic seizures, and infantile-onset hypomotor and 
versive seizures, inherited metabolic disorders should be 
suspected (34). Other characteristics of seizures associated 
with inherited disorders include onset in the first month of 
life, usually partial seizures with migrant nature and suc-
cessive appearance (35). West syndrome, early myoclonic 
encephalopathy, and Ohtahara syndrome are known to be 
associated with metabolic disorders (see Table 11-1).

EEGs showing burst suppression, hypsarhythmia, and 
diffuse severe depression without obvious cause demand 
evaluation for inherited disorders (see Table 11-2).

Serum amino acids and urine organic acids can be 
used as an initial screen in patients with the previously 
mentioned seizure types and syndromes. Cerebrospinal 
fluid (CSF) glucose, lactate, and amino acids are recom-
mended for infantile seizures without clear etiology. It is 
important to obtain samples during the presentation of 
symptoms before treatment because otherwise samples 
may be falsely normal or difficult to interpret (36) (see 
Tables 11-3 and 11-4) (35–37).

Disorders of carnitine and fatty acid oxidation 
acutely present with a history of decreased oral intake 
followed by increasing lethargy, obtundation or coma, 
and seizures. Other features include history of recurrent 
hypoglycemic, hypoketotic encephalopathy, potential 
developmental delay, progressive lipid storage myopathy, 
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recurrent myoglobinuria, hypotonia, neuropathy, and pro-
gressive cardiomyopathy. Screening tests should include 
serum total and free carnitine, acylcarnitines, free fatty 
acids and ketones and urine organic acids, acylglycines, 
and acylcarnitines. A serum free-fatty acid to ketone ratio 

of more than 2:1 suggests a block in fatty acid oxidation. 
Urine organic acid chain length and type will help to iden-
tify the site of block. Confirmations can be obtained by 
specific cultured skin fibroblast tests (38).

A few cases of creatine metabolism defect and epi-
lepsy have been reported. Associated symptoms include 
hypotonia, mental retardation, neurologic regression, and 
movement disorders. Initial tests should include serum and 
urine guanidinoacetic acid and creatine. Magnetic reso-
nance (MR) spectroscopy also helps in the diagnosis (39).

CSF metabolites. Disorders affecting CNS energy 
metabolism, creatine synthesis, glucose transport, and neu-
rotransmitter metabolism may present with hypotonia, 

TABLE 11-1
Epileptic Syndromes and Inborn 

Errors of Metabolism

NEONATAL SEIZURES (ILAE 3.1)

Urea cycle defects: argininosuccinic acidemia, ornithine
 transcarbamylase, carbamylophosphate synthetase
Organic acidurias: maple syrup urine disease
Disorders of biotin metabolism: early-onset multiple 
 carboxylase deficiency (holocarboxylase synthatase 
 deficiency)
Peroxisomal disorders: Zellweger syndrome, acyl-CoA 
 oxidase deficiency
Other: molybdenum cofactor deficiency/sulfite oxidase 
 deficiency, disorders of fructose metabolism, 
 pyridoxine dependency

EARLY MYELOCLONIC ENCEPHALOPATHY/EARLY INFANTILE

EPILEPTIC ENCEPHALOPATHY (ILAE 2.3.1)

Nonketotic hyperglycinemia
Propionic acidemia
D-Glyceric academia
Leigh disease

CRYPTOGENIC MYELOCLONIC EPILEPSIES (ILAE 2.2) 
OTHER THAN INFANTILE SPASMS OR

LENNOX-GESTAUT SYNDROME

GM1 gangliosidosis
GM2 gangliosidosis
Infantile neuroaxonal dystrophy
Neuronal ceroid lipofuscinosis
Glucose transporter defect 1 deficiency
Late-onset multiple carboxylase deficiency
Disorders of folate metabolism, methylenetetrahydrofo
 late reductase deficiency
Arginase deficiency (urea cycle defect)
Tetrahydrobiopterin deficiency (aminoaciduria)
Tyrosinemia type I

WEST SYNDROME, GENERALIZED 2.2

Phenylketonuria/hyperphenylalaninemia
Pyruvate dehydrogenase deficiency
Pyruvate carboxylase deficiency
Carbohydrate-deficient glycoprotein syndrome (type III)
Organic acidurias
Amino acidurias

Abbreviations: ILAE, International League Against Epilepsy; 
CoA, coenzyme A. Source: Nordli and De Vivo 2002 (34).

TABLE 11-2
EEG Patterns and Associated Disorders

EEG PATTERN  DISORDER

Comblike rhythm Maple syrup urine disease
 Propionic acidemia
Fast central spikes Tay-Sachs disease
Rhythmic vertex  Sialidosis (type I)
 positive spikes
Vanishing EEG Infantile NCL (type I)
High amplitude  Infantile neuroaxonal
 16–24 Hz activity dystrophy
Diminished spikes  PME
 during sleep
Marked photosensitivity  PME and NCL particularly

 type II
Burst suppression Neonatal citrullinemia
 Nonketotic hyperglycinemia
 Propionic academia
 Leigh disease
 D-Glyceric academia

Molybdenum cofactor
 deficiency

 Menke’s syndrome
Holocarboxylase
 synthetase deficiency
Neonatal adrenoleukodys-
 trophy

Hypsarrhythmia Zellweger syndrome
Neonatal
 adrenoleukodystrophy

 Neuroaxonal dystrophy
Nonketotic hyperglycin-
 emia

 Phenylketonuria
Carbohydrate-deficient
 glycoprotein syndrome
 (type III)

Abbreviations: EEG, electroencephalogram; NCL, neuronal 
ceroid lipofuscinosis; PME, progressive myeloclonic epilepsy. 
Source: Nordli and De Vivo 2002 (34).
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temperature instability, developmental delay, ptosis, dys-
tonia, and tremors along with seizures. These disorders 
may not be detected by routine screen for inherited meta-
bolic disorders. If initial metabolic screen and CSF lactate 
and amino acids are normal in an infant with seizure 
without clear etiology, profiles of CSF metabolites includ-
ing biogenic amines should be considered (40).

When gamma-aminobutyric acid (GABA)-related dis-
orders are suspected—that is, GABA transaminase deficiency, 
succinic semialdehyde dehydrogenase deficiency (SSDD), 
glutamate decarboxylase or GABA receptor defects—CSF 
GABA level should be measured. It is increased in patients 
with SSDD and vigabatrin treatment. SSDD can also be 
detected in lymphocytes and fibroblasts (41).

In nonketotic hyperglycinemia, CSF glycine is elevated. 
It is also elevated in patients who are receiving valproate 
treatment. It is decreased in defective serine synthesis (41).

Guanidinoacetate and creatine measurement can 
aid in diagnosis of arginine:glycine aminotransferase or 
guanidinoacetate methyletransferase deficiencies, and 
creatine transporter defect.

Measurement of tetrahydrobiopterin, neopterin, 
7,8-dihydrobiopterin, homovanillic acid, 5-hydroxyin-
doleacetic acid, and 3-O-methyldopa can help in diagnosis 
of tetrahydrobiopterin and biogenic amine metabolism.

Pyridoxine-deficient and -responsive seizures are 
covered in another section (see Chapter 30).

Tests for mitochondrial disorders. Mitochondrial 
disorders causing epilepsy are rare. It is possible that this 
rarity is due to our inability to recognize these disorders. 
A review by DiMauro showed that seizures are associated 
with MELAS (mitochondrial myopathy, encephalopathy, 
lactic acidosis, and strokelike episodes), MERRF (myoc-
lonus epilepsy with ragged red fibers), pyruvate dehy-
drogenase complex deficiencies, cytochrome c oxidase 
deficiencies, and maternally inherited Leigh’s disease (42). 
All the patients in the review presenting with these dis-
orders and seizure had symptoms such as developmental 
delay and eventually developed classic symptoms for the 
disorder. Partial seizures are more common in patients 
with mitochondrial encephalopathies (43).

Ammonia, serum and CSF lactate, and urine organic 
acid can be used as an initial screen (36). In cases of 
intractable seizure and developmental delays, migraine, 
strokelike episodes, or retinitis pigmentosa, serum testing 
and muscle biopsy should be considered.

Chromosomal Studies

Chromosomal abnormalities with high association 
of seizures include 4p– syndrome, Miller-Dieker syn-
drome, Angelman syndrome, inversion duplication 15 
syndrome, terminal deletions of chromosome 1q and 1p, 
and ring chromosomes 14 and 20. Patients presenting 
with specific phenotypes and EEG abnormalities should 
have genetic testing done (24, 25, 44).

EEG

EEG remains the gold standard test for evaluation of 
seizures, especially when an ictus is captured during the 
study. It can help to differentiate nonepileptic events from 
seizure. It can also help to identify an epileptic syndrome, 
because epilepsy syndromes are classified based on spe-
cific patterns of abnormality on EEG. It helps to provide 
long-term prognosis and identify any need to do further 
testing. It influences the management by helping to select 
AEDs. Certain metabolic disorders have classic EEG pat-
terns (see Table 11-2).

In a study of patients with unprovoked seizures, 
EEG abnormalities were associated with increased recur-
rence. Abnormal EEGs were more common in patients 
with partial seizures than with generalized seizures (45). 
A study by Yoshinaga et al showed that more than 20% 
of seizures were classified incorrectly or missed when only 
history was used to identify paroxysmal events (46).

TABLE 11-3
Metabolic Diseases and Biochemical 

Abnormalities

SEIZURES AND METABOLIC ACIDOSIS

• Pyruvate dehydrogenase complex deficiency
• Mitochondrial encephalomyopathies
• Multiple carboxylase deficiency disorders
• Intermittent MSUD
• Isovaleric acidemia
• Glutaric aciduria
• Propionic acidemia
• Methylmalonic acidemia

SEIZURES AND HYPOGLYCEMIA

• Glycogen storage disease
• Fructose 1,6-diphosphate deficiency
• Hereditary fructose intolerance
• Organic acidemia

SEIZURES AND HYPERAMMONEMIA

• Biotinidase deficiency
• Carnitine palmitoyl transferase I deficiency
• Hyperammonemic hyperornithinemia with 

homocitrullinemia
• Urea cycle disorders
• Oxidative metabolism disorders
• Propionic acidemia
• Methylmalonic acidemia

Abbreviation: MSUD, maple syrup urine disease. 
Source: Leary LD, Nordli DR, Jr., De Vivo DC 2006 (37).
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Recommendations regarding timing for the EEG 
testing are controversial. In a study by King et al, an EEG 
performed within the first 24 hours had a higher diagnos-
tic yield (47). In a study done at Virginia Commonwealth 
University when EEGs were done in the emergency room 
in patients presenting with a seizure, 80% of patients with 
an abnormal EEG developed recurrence (48). EEG abnor-
malities are the best predictors of recurrence in neurologi-
cally normal children (3).

Hyperventilation and photic stimulation increase 
the yield of EEG and are recommended (49). Even 
though Gilbert et al showed that sleep deprivation did 
not increase EEG abnormalities (50), a number of other 
studies have shown that sleep recordings can increase the 
yield of EEG (3, 13, 45, 49, 51).

Thus EEG is recommended to evaluate paroxysmal 
events. In patients with altered consciousness and recurrent 
seizures, emergent EEG is recommended. Hyperventilation 
and sleep deprivation increase the yield of EEG. When 
possible, it should be obtained immediately after seizure 
presentation. A normal or suspicious EEG should be fol-
lowed by sleep-deprived EEG.

Imaging

In a study by Shinnar et al (52), only 1% of children with a 
first unprovoked seizure had neuroimaging abnormalities 
requiring acute intervention. All these children had indica-
tions for neuroimaging such as an abnormal neurologi-
cal examination or prolonged seizure. The most common 

TABLE 11-4
Metabolic Disorders and Diagnostic Laboratory Tests

DIAGNOSIS  LABORATORY TESTS

Amioacidopathies Plasma, urine, and CSF amino acids
• Urea cycle disorders Urine orotic acid
• HHH syndrome
• MSUD
• Nonketotic hyperglycinemia
• Sulfite oxidase deficiency

Disorders of carbohydrate metabolism Fasting glucose
• Glycogen storage disease Blood lactate
• Fructose 1,6-diphosphase deficiency Fasting urine organic acids
• D-Glyceric acidurias

Organic acidurias Urine organic acids
• Propionic, methylmalonic, glutaric aciduria type I Plasma acylcarnitine
• Multicarboxylase deficiency Plasma and urine biotin concentration
• Fumarase deficiency

Disorders of folic acid and vitamin B12 metabolism Urine organic acids
 Plasma and urine homocystine and amino acids

Mitochondrial diseases Plasma acylcarnitine
• PDH Plasma and CSF lactate
• Respiratory chain defects Urine organic acids
• MELAS syndrome 
• Carnitine transport defects 
• Defects of beta-oxidation

Peroxisomal disorders Plasma VLCFA
 Plasma and urine pipecolic and phytanic acid

CDG syndrome Isoelectrofocus serum transferrin

Krabbe’s disease High CSF protein concentration

Menkes’ syndrome Serum copper, ceruloplasmin

Pyridoxine dependency CSF GABA concentration

Abbreviations: HHH, hyperammonemic hyperornithinemia with homocitrullinemia; MSUD, maple syrup urine disease; PKU, phenyl-
ketonuria; PDH, pyruvate dehydrogenase deficiency; MELAS, mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes;
VLCFA, very long chain fatty acids; CDG, carbohydrate-deficient glycoprotein; GABA, gamma-aminobutyric acid. Source: Vigevano and
Bartuli 2002 (35).
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FIGURE 11-2

Recommended algorithm for seizure evaluation. Abbreviations: CBC, complete blood count; BMP, basic metabolic panel; LP, lumbar 
puncture; PE, physical examination; JME, juvenile myoclonic epilepsy; BECTS, benign epilepsy with centrotemporal spikes; DD, 
developmental delay; MR, mental retardation; SDEEG, sleep-deprived EEG; UOA, urine organic acid; SAA, serum amino acid.

Paroxysmal event 

Seizure Nonepileptic event 

CBC, BMP, LP 

Provoked Unprovoked

EEG

Normal

PE

Normal

Abnormal

Consider
imaging 

Imaging 
(MRI)

MRI, UOA, SAA, Gene testing 
Lactate, Ammonia, Pyruvate

Suggestive of 
syndromes like JME, 
BECTS

Focal slowing or 
polymorphic spikes

Non specific/
Non-benign

Specific Syndrome No specific 
syndrome

Refractory
DD/MR
Dysmorphic 
features

CSF glucose, lactate, pyruvate 
CSF metabolites 
Mitochondrial tests 

Abnormal 

Confirmatory 
tests

Imaging 
( MRI)

SDEEG

GTC seizure

Tonic seizure

Absence seizure

Partial seizure

Myoclonic seizure

Normal PE

Abnormal PE

EEG

Consider MRI, SDEEG

EEG, MRI

EEG

MRI

Infant/young child

Other age group  

CSF Metabolites
Mitochondrial testing

EEG, MRI, UOA, SAA, 
Lactate Pyruvate Ammonia

CSF Glucose lactate pyruvate

EEG, MRI

nl/sy

abnl

If no dx

FIGURE 11-1

Recommended algorithm based on seizure types. Abbreviations: GTC, genenralized tonic clonic; PE, physical examination; SDEEG, 
sleep-deprived EEG; UAO, urine organic acid; SAA, serum amino acid; nl/sy, normal or benign syndromic; abnl, abnormal.
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abnormalities were focal encephalomalacia and cerebral 
dysgenesis. Suggested risk factors for abnormal imaging 
were partial seizures, abnormal neurological examination, 
and abnormal EEG (53). In children with a brief tonic 
clonic seizure, normal examination, and normal EEG, 
10% of imaging studies were abnormal (52).

Imaging is recommended for seizure evaluation (3). 
Emergent imaging studies are required in case of prolonged 
seizure, prolonged postictal phase, and postictal hemipare-
sis to rule out stroke and other structural abnormalities (3). 
Outside of the acute situation, Magnetic Resonance 
Imaging is a superior study because it can identify subtle 
cortical abnormalities (3, 53).

CONCLUSION

Seizures are frightening events for the families and 
children in whom they occur and require precautions 
associated with driving, water activities, heights, and 
work environment. The diagnosis has immense psy-
chosocial impact on both the family and the patient. 
Thus, the first seizure or similar event should be 
evaluated carefully to make an accurate diagnosis, 
the recurrence risk should be explained to the family, 
and appropriate treatment decisions should be made. 
Recommended algorithms for seizure evaluation are 
shown in Figures 11-1 and 11-2.
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The Use of 
Electroencephalography in 
the Diagnosis of Epilepsy 
in Childhood

he electroencephalogram (EEG) 
is often the single most informa-
tive laboratory test in evaluating 
children with seizures. At the most 

rudimentary level, it helps in differentiating epileptic from 
nonepileptic behavior. Because many conditions, including 
breathholding spells, movement disorders, syncope, car-
diac arrhythmias, sleep disorders, migraine, and various 
psychiatric syndromes, may mimic epilepsy, EEG findings 
are often essential in making an accurate diagnosis.

EEG, however, offers much more. More detailed 
analysis of epileptiform abnormalities assists in distin-
guishing focal from generalized seizures and in identifying 
epileptic syndromes, which are indispensable cornerstones 
of rational therapy. EEG aids in recognizing subclinical 
and nonconvulsive seizures, in documenting antiepileptic 
drug (AED) toxicity, and probably in selecting patients 
for AED withdrawal after remission of seizures. Finally, 
EEG is critical in evaluating patients with medically 
refractory seizures for focal resective and other surgical 
procedures.

EEG TECHNIQUE

To record the EEG, a technician places electrodes, usually 
gold or silver discs, at standard locations on the scalp 
using collodion adhesive or a conducting paste. Potential 

Douglas R. Nordli, Jr.
Timothy A. Pedley

differences between pairs of electrodes are then amplified 
and the net signal from each amplifier is displayed on 
a monitor (digital EEG machines) or written on paper 
(historical EEG machines) to provide a graphic record 
of EEG voltage changes over time. In practice, modern 
EEG machines display activity from 20 or more chan-
nels (1 pair of electrodes 	 1 amplifier channel) simul-
taneously to provide a comprehensive survey of cerebral 
electrical activity.

Much of the value of EEG lies in determining the 
spatial distribution of voltage fields on the scalp. To 
do this, electrodes are grouped in logical arrangements 
called montages. Montages typically allow compari-
sons between symmetric areas of the two hemispheres 
and between parasagittal and temporal areas in the same 
hemisphere. Most laboratories use as minimum a series of 
standard montages recommended by the American EEG 
Society (1). In addition to these, special montages may 
have to be designed to address issues posed by a particu-
lar patient. Creative use of rationally designed montages 
significantly enhances the utility of the EEG.

A technician typically records spontaneous EEG 
activity for approximately 30 minutes. However, the yield 
of positive findings is greatly increased by several acti-
vating procedures: hyperventilation, photic stimulation, 
and sleep. All three are useful in children with suspected 
seizures or epilepsy.

T

12
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Hyperventilation

Hyperventilation for at least 3 minutes, preferably 
5 minutes if absence seizures are strongly suspected, should 
be performed whenever possible. Overbreathing can be 
achieved even with preschool children if the technician 
incorporates playful strategies such as blowing a pinwheel 
or “having a race’’ to see who can breathe faster. The effect 
of hyperventilation on EEG activity in children is usually 
dramatic, with high-voltage, generalized, rhythmic slow 
waves appearing promptly (Figure 12-1). The mechanisms 
underlying this age-related normal phenomenon are not 
known, but changes in cerebral blood flow and the neu-
ronal metabolic milieu are probable factors. What is more 
important, however, is the empiric observation that a brief 
period of vigorous overbreathing potently activates gener-
alized epileptiform discharges, especially 3-Hz spike-wave 
activity. Sometimes focal slow-wave activity associated 
with structural lesions may appear or be accentuated dur-
ing hyperventilation. The only responses to hyperventila-
tion that can be unambiguously categorized as abnormal 
are asymmetric changes and epileptiform discharges.

Photic Stimulation

Photic stimulation is performed using stroboscopic 
flashes of high-intensity white light at rates of 1 to 30 
flashes per second. Stimulation is intermittent, with 
each frequency delivered for 10 to 20 seconds. A nor-
mal physiologic response is entrainment of EEG activity 
over the occipital lobes at the flash frequency (photic 
driving) (Figure 12-2A). In some normal children, pho-
tic stimulation produces no effect, and in others, the 
photic driving may be asymmetric. A photoparoxysmal 
response characterized by generalized bursts of irregular 

spikes, spike-wave discharges, and multiple spike-wave 
discharges (Figure 12-2B) occurs in some patients with 
idiopathic generalized epilepsy. However, it also occurs 
in a significant percentage of normal children without 
seizures, presumably as an asymptomatic marker of a 
genetic trait. Doose and Gerken (2) propose a multifacto-
rial mode of inheritance.

Sleep and Sleep Deprivation

Light sleep substantially increases the percentage of EEGs 
showing epileptiform activity in patients with epilepsy. 
The occurrences of both focal and generalized discharges 
are increased in non-rapid-eye-movement (non-REM) 
sleep, but rapid eye movement (REM) sleep has a differ-
ential effect. Generalized epileptiform activity diminishes 
markedly or disappears altogether in REM, whereas focal 
spikes and sharp waves either are unaffected or actually 
increase in abundance (3).

Sleep deprivation also activates epileptiform activity 
independent of its sleep-inducing effect (4, 5). Kellaway 
and Frost (6) have speculated that sleep deprivation and 
spontaneous or sedated sleep activate abnormalities via 
different mechanisms.

Scheduling the EEG at the time a child normally naps 
facilitates sleep recordings. Older children may be partially 
sleep-deprived with benefit. If children do not sleep sponta-
neously, they may be given chloral hydrate (30–60 mg/kg) 
with appropriate guidelines for conscious sedation.

Special Electrodes

Some cortical areas (mesial temporal, orbital frontal, and 
interhemispheric regions) are relatively inaccessible to 
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FIGURE 12-1

Effects of hyperventilation in a 5-year-old child. (A) EEG at onset of overbreathing effort; (B) 45 seconds later. There is a moder-
ate buildup of generalized rhythmic slow-wave activity, maximal over the posterior head regions.
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conventional recording electrodes. If one of these areas is 
suspected of being the epileptogenic focus, supplemental 
electrode placements can augment standard ones. Thus, 
surface placement of anterior temporal, mandibular 
notch, and supraorbital electrodes are useful in docu-
menting inferior frontal and mesiobasal temporal epi-
leptiform discharges (7).

More invasively, sphenoidal electrodes, which are 
fine wires inserted transcutaneously through the man-
dibular notch so that the tips lie near the foramen ovale 
at the base of the skull, are commonly used in monitoring 

units evaluating patients for resective surgery (8). Naso-
pharyngeal electrodes, which are flexible wires that are 
inserted through the nose to lie in the posterior pharynx, 
have been widely used in the past, but subsequent studies 
have cast doubt on their superiority over surface loca-
tions, especially anterior and inferior temporal leads, in 
recording mesial temporal lobe discharges (7, 9, 10).

Invasive electrodes should not be used in children 
except in special circumstances. Adequate information can 
usually be obtained using standard scalp electrodes supple-
mented, as necessary, with additional special placements.
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FIGURE 12-2

(A) Normal physiologic response is entrainment of cerebral electrical activity over the occipital regions at the frequency of light
stimulation (driving response). (B) Photoparoxysmal response in another child occurring during stroboscopic light stimulation. 
Bursts of spikes and irregular spike-wave discharges occur during and immediately after the light stimulus. In this case, there
were no clinical manifestations during the photoparoxysmal response and no clinical history of photosensitivity.
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SPECIFIC EEG FINDING

Epileptiform Activity and Epileptogenicity

The only EEG finding that indicates a susceptibility to 
epileptic seizures is epileptiform activity, that is, spikes, 
sharp waves, or spike-wave discharges (Figure 12-3).

Although epileptiform discharges indicate an 
increased risk of seizures, they vary in degree of epilep-
togenicity, that is, the association with active epilepsy. 
Epileptogenicity is at least partly age-related. In adults, 
epileptiform discharges have a high association with sei-
zures and occur only rarely in normal individuals. The 
situation is more complicated in children, largely because 
of the occurrence of genetic patterns that may not be asso-
ciated with clinical seizures. Nonetheless, even in chil-
dren, epileptiform discharges are uncommon in normal 
individuals, approximating perhaps 2% in the prevalence 
studies of Petersen and coworkers (11). From another 
perspective, Trojaborg (12) found that 83% of children 
whose EEGs contained focal spikes had seizures.

Another variable that relates to epileptogenicity is loca-
tion of the discharge. The likelihood of epilepsy is highest 
when epileptiform discharges are multifocal or when they 
involve the temporal lobe: 76% and 90%, respectively (13). 
Risk of epilepsy is considerably lower (approximately 50%) 
when epileptiform activity involves the central- midtemporal 
(rolandic) or occipital regions (13).

All epileptiform activity decreases in abundance 
with age or the passage of time, and less than 10% per-
sists indefinitely (13). In general, there is no useful cor-
relation in individual patients between the amount of 
epileptiform activity in the EEG and the number and 
intensity of clinical seizures.

NONSPECIFIC EEG ABNORMALITIES

Abnormalities other than epileptiform discharges are also 
common in the EEGs of patients with epilepsy. Nonepi-
leptiform abnormalities are termed nonspecific because
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FIGURE 12-3

(A) Focal left parietal spikes (discharge is at P3 in third and fourth channels) in a 10-month-old boy with simple partial seizures
involving his right arm and face. (B) Generalized 4- to 5-Hz spike-wave activity in an 18-year-old male with idiopathic general-
ized tonic-clonic seizures, precipitated by stimluation.
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they occur in many other conditions as well, or sometimes 
even in normal subjects. Examples of nonspecific abnor-
malities include focal or generalized slow-wave activity 
(Figure 12-4) or, less often, asymmetries of frequency or 

voltage. Unlike epileptiform discharges, such findings do 
not provide support for a diagnosis of epilepsy because of 
their varied clinical associations and because they do not 
reflect an epileptogenic disturbance of neuronal function. 
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FIGURE 12-4

(A) This EEG sample demonstrates continuous focal arrhythmic slow activity in the right central-parietal region (bottom three 
channels). (B) In contrast, this EEG sample shows excessive generalized arrhythmic slow activity. The EEG of a normal 4-year-
old is shown for comparison (C).
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Nonspecific findings are important, however, in provid-
ing general information about cerebral function. Thus, 
evaluation of nonspecific EEG abnormalities may help 
identify associated static or reversible encephalopathies, 
underlying focal cerebral lesions, or progressive neuro-
logic syndromes.

PEDIATRIC EPILEPTIC SYNDROMES

Electroencephalography is crucial for accurate classifi-
cation of different forms of epilepsy. The following are 
brief descriptions of EEG findings in the more common 
epileptic syndromes encountered in childhood.

Infantile Spasms (West Syndrome)

The EEG is always abnormal, grossly so if obtained 
when seizures are well established. Gibbs and Gibbs 
(14) identified the most characteristic pattern, hyp-
sarhythmia, which consists of high-voltage, irregular 
slow waves occurring asynchronously and randomly 
over all head regions, intermixed with spikes and poly-
spikes from multiple independent loci (Figure 12-5). 
fiVariations of the pattern (modified hypsarhythmia) 
occur in up to 10% to 15% of children with infantile 
spasms (15). These other abnormalities, however, are 
more likely to occur in older infants or if the EEG is 
performed later in the course of the disorder. Like infan-
tile spasms, hypsarhythmia is age-specific. It is usually 
most pronounced in slow-wave sleep and may disap-
pear completely in REM. Ictal recordings show various 
patterns (16), but the most common accompaniment 

to a spasm is one or more generalized, high-voltage 
slow or sharp-slow waves followed by abrupt voltage 
attenuation of background activity lasting from 1 to 
several seconds, the so-called electrodecremental event
(Figure 12-6) (17). Type of spasm does not always cor-
relate well with a particular EEG ictal pattern, and 
neither do all spasms have EEG correlates. EEG and 
clinical improvement usually parallel one another, but 
they may be dissociated.

Childhood Absence Epilepsy

EEGs are rarely normal in untreated children with 
childhood absence epilepsy (formerly referred to as 
petit mal epilepsy), and hyperventilation is particu-
larly effective in provoking the characteristic EEG 
abnormality. In fact, repeated normal EEGs in a child 
with lapse attacks argue strongly against a diagnosis 
of childhood absence epilepsy. Each absence seizure is 
accompanied by generalized, symmetric, stereotyped 
3- to 4-Hz spike-wave activity (Figure 12-7A). Back-
ground activity is otherwise normal or near normal. 
Sleep produces striking effects on appearance of the epi-
leptiform activity (Figure 12-7B). Classic features are 
lost, and instead epileptiform bursts are fragmented, 
are of shorter duration, and contain more single spikes 
and multiple spikes.

Spike-wave paroxysms begin abruptly, producing 
immediate alteration in the child’s responsiveness (18). 
Conversely, when the 3-Hz spike-wave discharge ends, 
the child’s behavior becomes normal at once (18). 
Detailed analysis of motor and cognitive effects 
reveals differences in their time course and evolution 
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FIGURE 12-5

Hypsarhythmia in a 9.5-month-old infant with infantile spasms. There is extremely high-voltage slow-wave activity diffusely, 
multifocal spikes, and lack of normal organization and patterns.
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in relation to the ictal discharge (19). Even short bursts 
of 3-Hz spike-wave activity produce some functional 
impairment that may go unrecognized clinically. Thus, 
childhood absence epilepsy is one instance in which 
follow-up EEGs are often necessary to gauge how 
effective treatment is; clinical reports alone may be 
inadequate.

Lennox-Gastaut Syndrome

The name Lennox-Gastaut syndrome (childhood epilep-
tic encephalopathy) has been applied to a heterogeneous 
group of children with severe seizures, mental retarda-
tion, and a characteristic EEG pattern. EEG findings are 
most typical between 2 and 7 years of age and are remark-
ably consistent despite widely different underlying causes, 
including progressive degenerative or metabolic disease, 
cerebral malformations, perinatal asphyxia, severe head 
injury, anoxic encephalopathy, and central nervous sys-
tem infection (20).

EEGs show generalized, bisynchronous sharp- and-
slow-wave complexes occurring repetitively, often in 
extended runs, at 1.5 to 2.5 Hz (Figure 12-8). Within 
the same record and among patients, the sharp-slow 
waves vary somewhat in distribution, voltage, and rep-
etition rate. Sleep usually activates epileptiform activ-
ity markedly; hyperventilation does so less consistently. 
Multifocal spikes or sharp waves also occur, especially 
in older children. Electrodecremental or tonic seizure 
patterns (Figure 12-9) lasting 2 to 4 seconds occur fre-
quently during sleep, sometimes as often as hundreds of 
times per night. Clinical correlates of these nocturnal 
seizure discharges are minimal, most often being slight 
stiffening of the axial muscles. Background activity is 

almost always moderately to severely abnormal because 
of excessive slowing and poor development of normal 
patterns for age.

A history of West syndrome is present in up to one-
third of children with Lennox-Gastaut syndrome (21), 
suggesting that EEG manifestations of severe encepha-
lopathies reflect, in part, an age-dependent continuum 
with particular patterns emerging from interaction of 
maturational and pathologic factors.

Myoclonic-Astatic Epilepsy As 
Described by Doose

Myoclonic-astatic epilepsy (MAE) as described by Doose 
is sometimes confused with Lennox-Gastaut syndrome 
(21b). Children with MAE are usually normal at onset 
of the epilepsy. The most prominent seizure consists of a 
sudden drop attack, or myoclonic-astatic seizure, char-
acterized by a combination of sudden myoclonic jerk of 
the arms and head followed by a brief period of atonia. 
This results in sudden falls with the potential for injury. 
This is often accompanied by a brief bursts of general-
ized spike or repeated spike-wave activity followedy by a 
diffuse profound attenuation (Figure 12-10). Nocturnal 
tonic seizures may be seen in some individuals, but more 
common are clonic-tonic-clonic seizures of intermediate 
duration (“moyen-mal”). Absence seizures can also occur, 
and sometimes children develop absence or myoclonic 
status epilepticus. The interictal EEG may show runs of 
rhythmic parasagittal slowing (Figure 12-11) and brief 
generalized spike-wave discharges. These discharges 
may appears as single spike-wave discharges or as dou-
blets or triplets, so that it may be hard to determine the 

Fp1–F3

7 mos F

F3–C3

C3–P3

P3–O1

Fp2–F4

F4–C4

C4–P4

1 Sec
P4–O2

70 µV

FIGURE 12-6

Electrodecremental event in a 7-month-old child characterized by transient flattening of background activity (middle of figure).
Such events frequently accompany the massive spasms of West syndrome.
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repetition rate accurately. When discernible, repetition 
rates may be slow (i.e., below 3 Hz) or fast (i.e., above 
3 Hz) (Figure 12-12).

Benign Focal Epilepsy with 
Central-Midtemporal Spikes

The syndrome of benign focal epilepsy with central-
midtemporal spikes, which is also referred to as central-
temporal epilepsy, sylvian seizures, and rolandic epilepsy, 

is an idiopathic localization-related epilepsy with highly 
characteristic EEG and clinical features (22–24).

EEG findings are distinctive and diagnostic. 
Focal di- or triphasic sharp waves of almost invariant 
morphology occur in the central and midtemporal regions 
(Figure 12-13). Epileptiform discharges are usually of 
high voltage (�100 µV), tend to occur in clusters, and 
activate dramatically during sleep, when they may seem 
almost continuous. Discharges may be unilateral in a 
single EEG, but they are almost always bilaterally pres-
ent with prolonged or repeated recordings. Lateralization 
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FIGURE 12-7

(A) Stereotyped 3-Hz spike-wave activity in a 4-year-old child with childhood absence epilepsy. The bottom channel records 
a test tone (T) to which the child has been trained to respond by pressing a button (R). During the generalized spike-wave 
activity, the child’s ability to respond is impaired (absence attack). Normal responsiveness returns immediately upon cessa-
tion of the discharge. (B) EEG from same child showing alteration in spike-wave morphology during sleep. The epileptiform 
activity has become fragmented and contains multiple spikes (polyspikes). The well-formed 3-Hz spike-wave complexes 
seen during wakefulness no longer occur. Such changes, although varying in degree, are typical of generalized epileptiform 
abnormalities.
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may switch in serial tracings (22, 23). Generalized spikes 
and spike-wave activity occasionally occur, usually dur-
ing sleep (23, 25, 26), and “benign” occipital spikes 
or multifocal spikes may coexist, especially in younger 
patients (22, 25).

There is no correlation between EEG findings 
and seizure occurrence or frequency. As a rule, EEG 
abnormalities are much more impressive than clini-

cal seizure activity. Indeed, when central-midtemporal 
spikes are recorded in children without seizures who 
have EEGs for other reasons, only about half even-
tually develop typical seizures (13). Furthermore, in 
symptomatic children, EEG abnormalities persist long 
after seizures cease. Thus, EEG does not provide assis-
tance in making decisions about when or how long 
to treat.
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FIGURE 12-8

Generalized sharp- and slow-wave complexes (slow spike-and-wave discharges) occurring repetitively at about 2 Hz in a child 
with Lennox-Gastaut syndrome.
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Tonic seizure during sleep in a child with severe mental retardation and uncontrolled tonic, atonic, and atypical absence seizures.
The EEG correlate is an electrodecremental event. Sometimes a low voltage 16- to 25-Hz rhythmic discharge (tonic seizure pat-
tern) occurs during this type of clinical event.
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Genetic studies indicate that the EEG trait is 
controlled by an autosomal dominant gene with age-
dependent penetrance (27, 28).

Benign Focal Epilepsy with Occipital Spikes

Gastaut (29) has described another form of idiopathic 
localization-related epilepsy in children, in which visual 
symptoms—either amblyopia or hallucinations—are a 
common early feature of ictal events. The EEG shows 
stereotyped, high-voltage (200–300 µV) sharp-wave dis-
charges over one or both occipital regions. Epileptiform 
activity is attenuated by eye opening and is activated by 
sleep. Discharge morphology resembles that of central-
midtemporal spikes. Background activity is normal. This 
electroclinical entity is more heterogeneous than benign 
focal epilepsy with central-midtemporal spikes. None-
theless, outcome is usually benign in a typical case, with 
complete resolution of clinical and EEG findings in most 
children by 18 years of age. Like central-midtemporal 
spikes, occipital spikes do not correlate with clinical sei-
zure activity or prognosis, and they often persist after 
seizures cease. Generalized spike-wave discharges and 
centralmidtemporal spikes may coexist.

A more common benign epilepsy has been described 
by Panayiotopoulos (29b). Affected children are usually 
younger than those described by Gastaut and have few 
clinical attacks. Seizures are, however, often prolonged 
and have prominent autonomic features. Children char-
acteristically vomit and become listless during the seizures 
(autonomic status epilepticus). Early descriptions high-
lighted the importance of stereotyped occipital spikes, 
but Panayiotopoulos has subsequently showed that 
“cloned-like” or highly stereotyped interictal epileptiform 
discharges may be seen in multiple different locations. 
Spikes may be most prominent in the occipital regions in 
younger individuals, but they “migrate” to more anterior 
locations in older individuals (Figure 12-14).

Dravet Syndrome  (Severe 
Myoclonic Epilepsy in Infancy)

Dravet syndrome manifests in the first year of life, often 
with febrile convulsions (29c). These may be hemiconvul-
sions and are often prolonged. Later, myoclonic seizures, 
atypical absences, and focal seizures develop. Not all sei-
zure types are seen in each individual child. The interictal 
EEG may initially be normal. Some infants will show 

FIGURE 12-10

This patient with myoclonic-astatic epilepsy had a head drop accompanied by a diffuse spike-wave discharge with after-going 
attenuation.
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photoparoxysmal responses. Usually within one year 
of onset, the EEG becomes abnormal with background 
slowing and the appearance of interictal epielptiform dis-
charges. In our experience, these are often most marked in 
the posterior derivations, and later multifocal spikes and 
generalized spike-wave discharges are commonly seen. 
Myoclonic jerks are often accompanied by generalized 
spike or polyspike-wave discharges. Focal seizures cor-
relate with focal ictal patterns.

Juvenile Myoclonic Epilepsy

Janz and Christian (30) described juvenile myoclonic 
epilepsy (JME) or “impulsive petit mal” as a subtype of 
idiopathic generalized epilepsy. Interictal EEGs show gen-
eralized 4- to 6-Hz “atypical” spike-wave activity, short 
bursts of polyspikes, and polyspike-wave discharges 
(Figure 12-15). An incrementing run of 10- to 16-Hz poly-
spikes, maximal over the frontal-central areas, followed 
by a generalized burst of spikes or spike-wave activity 
accompanies bilateral myoclonic jerks (30, 31). If absence 
seizures occur, the EEG shows 3.5- to 4-Hz generalized 
spike-wave paroxysms. Photoparoxysmal responses are 
common in JME, occurring in approximately one-third 
of patients (32).

Acquired Epileptic Aphasia

Acquired epileptic aphasia, which is also known as the 
Landau-Kleffner syndrome, is not primarily an epilep-
tic disorder, although epileptiform activity is part of 
the diagnostic criteria. Seizures occur in approximately 
70 percent of cases but usually are infrequent. EEGs 
show abundant high-voltage epileptiform activity, which 
may be temporal, bitemporal, or generalized. Consider-
able slow activity accompanies epileptiform discharges. 
In the early stages, EEG abnormalities may occur only 
during sleep, and throughout the illness slow-wave sleep 
produces marked activation, sometimes with almost 
continuous generalized spike-wave activity. Review of 
the original case (33) and subsequent cases (34–37) of 
acquired epileptic aphasia does not support any single 
EEG feature or combination of features as being distinc-
tive of this syndrome. AED treatment does not clearly 
alter the natural evolution of EEG abnormalities, clinical 
findings, or outcome.

Epilepsia Partialis Continua

Epilepsia partialis continua manifests as several different 
subtypes, but one variant—Rasmussen syndrome—occurs 
primarily in children as a reasonably distinct entity (38). 

FIGURE 12-11

Children with MAE may have prominent runs of rhythmic biparietal slowing.
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EEG findings are variable, and their topography is often 
difficult to characterize precisely (38, 39). Most often, 
interictal EEGs show excessive arrhythmic or rhythmic 
delta activity that is usually bilateral but accentuated 
over a large area contralateral to the partial seizures. 
Epileptiform discharges are rarely well localized and often 

sporadic, especially early in the illness. As the disease 
progresses, more abundant pleomorphic spikes and sharp 
waves appear over an extensive area or bilaterally. It is 
usually difficult to recognize distinct ictal discharges with 
scalp recordings; in any event, correlation of EEG changes 
with muscle jerks is always poor to nonexistent.

FIGURE 12-12

The interictal epileptiform discharges in MAE are often brief generalized discharges with an irregular repetition rate.

FIGURE 12-13

Stereotyped di- and triphasic sharp wave discharges occur independently in the central regions bilaterally in this child with
partial seizures (benign rolandic epilepsy).
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and predictable sequences of EEG changes that are suf-
ficiently consistent as to allow accurate determination of 
conceptional age in healthy newborns to within 2 weeks.

EEGs in newborns are sufficiently different from 
those of older children and adults that one must take 
considerable caution not to overinterpret the significance 
of certain normal or inconsistent findings, all of which 
may be only transiently present. Thus, isolated spikes, or 
sharp transients, are common normal components of the 

NEONATAL EEG

EEGs of neonates pose special problems in interpretation. 
From 26 to 40 weeks of gestation, there are explosive 
maturational changes in the brain that result in rapid 
changes in neuronal orientation, alignment, and layer-
ing accompanied by substantial dendritic development, 
extensive synaptogenesis, glial proliferation, and onset of 
myelination. These biological developments underlie rapid 

FIGURE 12-15

Generalized multiple spike-wave (polyspike-wave) discharge followed by a single spike-wave complex in a child with juvenile 
myoclonic epilepsy.
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FIGURE 12-14

Highly stereotypsed interical epileptiform discharges are seen in patients with Panayiotopoulos Syndrome.
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newborn’s EEG, and their significance depends on their 
location and abundance and the infant’s state and con-
ceptional age. Tharp (40), Lombroso (41), and Hrachovy 
and coworkers (42) give complete discussions of neonatal 
EEG interpretation.

Just as there are special considerations that relate 
generally to EEG interpretation in the newborn, some cau-
tionary notes are indicated about using EEG in diagnosing 
and treating newborns with seizures. EEG  background
activity characterized in terms of expected developmen-
tal features provides important information about the 
extent to which cortical physiology is normally main-
tained or disturbed (Figure 12-16). Background activity 
often deteriorates transiently following a seizure because 
of associated hypoxia or other metabolic stresses. Interic-
tal background activity, therefore, is extremely variable, 
reflecting the severity of any encephalopathy underlying 
or associated with seizures and the timing of the EEG in 
relation to seizure activity. In some infants, specific pat-
terns or evolution of findings on repeated EEGs provide 
helpful and reliable prognostic information. When EEG 
background activity is used to help predict long-term 
neurologic outcome, interpretation should be based on 
interictal tracings to avoid problems related to revers-

ible postictal abnormalities. Identifying and visually 
quantifying spikes is important, but in newborns these 
results are less an indication of specific susceptibility to 
seizures (epileptogenicity) than a measure of the underly-
ing encephalopathy. In general, one should be extremely 
conservative in using interictal spikes or sharp waves to 
diagnose neonatal seizures.

To establish that an observed behavior is an epileptic 
seizure, one must record an associated ictal discharge. 
This can be done using conventional EEG recording if the 
technician makes copious and temporally accurate nota-
tions on the tracing. Better still, however, are simultaneous 
EEG, polygraphic, and video recordings, which  provide
objective documentation of the relationship among 
EEG activity, other physiologic variables, and behavior. 
Kellaway and colleagues at Baylor College of Medicine 
have exploited this methodology creatively to identify 
epileptic and nonepileptic paroxysmal behaviors and to 
propose a new classification of neonatal seizures (43–45). 
Such data indicate that one must be cautious in inferring 
an epileptic basis for all paroxysmal clinical events and 
that concurrent EEG recordings are usually necessary to 
distinguish epileptic seizures from similar phenomena 
caused by different mechanisms (43, 46).

FIGURE 12-16

Severely abnormal EEG in a 2-week-old newborn born at 33 weeks gestational age. EEG activity is depressed and poorly dif-
ferentiated bilaterally, with intermittent low-voltage activity and random sharp transients punctuated by higher-voltage mixed-
frequency burst activity. Note the positive sharp transients occurring at Cz (channels 10–11 and 13–14) (middle portion of figure).
Such positive rolandic discharges have a high correlation with periventricular leukomalacia.
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Focal or multifocal clonic seizures, focal tonic sei-
zures, some generalized myoclonic seizures, and ictal apnea 
are consistently associated with EEG ictal patterns. In 
contrast, staring, ocular movements, excessive salivation, 
and various autonomic phenomena occurring in isolation, 
such as changes in heart rate and blood pressure, may be 
accompanied by EEG discharges but often are not. Motor 
automatisms, including various oral-buccal-lingual move-
ments; progression movements such as stepping, pedaling, 
or swimming; and complex asynchronous motor activi-
ties such as thrashing and writhing are not consistently 
accompanied by EEG seizure patterns. Generalized tonic 
seizures in the newborn also have no EEG correlate. These 
latter events presumably arise either from nondetectable 
(at the scalp) epileptic mechanisms or, more likely, from 
nonepileptic dysfunction of motor systems at subcortical 
and brainstem levels (release phenomena) (43).

Ictal discharges are almost always focal or multi-
focal in newborns, with variable spread to ipsilateral 
regions and the contralateral hemisphere (Figure 12-17). 
Repetitive rapid spiking is unusual at this age, especially 
in premature babies, and most seizure patterns consist 
of rhythmic sequences at almost any frequency or slowly 
repetitive (0.5–2 Hz) sharp waves. Seizures may occur 
simultaneously in the same hemisphere or in different 
hemispheres and progress independently.

LONG-TERM MONITORING

It is often desirable to record EEG activity for longer 
periods than conventional EEG recordings allow, so as to 
increase the likelihood of detecting epileptiform activity 
or capturing intermittent behavioral events. Two methods 
of long-term monitoring are now widely available; they 
have greatly improved diagnostic accuracy and reliability 
of seizure classification. Both have value in providing 
continuous recordings through one or more complete 
wake-sleep cycles and in documenting ictal episodes. 
Each has additional specific advantages and disadvan-
tages (47–49). Which method one selects depends on the 
question posed by a particular patient. Gumnit (50) has 
provided a useful overview.

Ambulatory Monitoring

Multichannel cassette records allow relatively inexpen-
sive continuous EEG recording in the outpatient setting. 
In terms of EEG information alone, ambulatory cas-
sette recordings are only slightly less accurate in yield 
of epileptiform abnormalities than recordings made 
in intensive monitoring units (51). For this purpose, 
both methods are substantially more useful than rou-
tine EEG. Ambulatory EEG is often especially helpful 
in the pediatric setting, where the young child is often 

FIGURE 12-17

EEG of a newborn with a postconceptional age of 36.5 weeks 
demonstrating onset of a repetitive sharp-wave discharge from 
the left occipital region (A). Forty-five seconds later the dis-
charge involves the entire left hemisphere and is associated 
with staring (B). Simultaneously, there is a buildup of spiking 
in the right temporal area that evolves independently from 
the seizure pattern on the left (B, C). The baby’s eyes remain 
open, and there are occasional irregular body movements (C). 
Just over 2 minutes after the seizure begins, clinical and EEG 
seizure activity subside, and EEG background is severely 
depressed bilaterally (D).
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more comfortable in his familiar and unrestricted home 
environment (52). Limitations include the relatively lim-
ited coverage of cortical areas and the absence of video 
documentation. Thus, ambulatory cassette recordings 
are inadequate for detailed localization of epileptogenic 
foci, and very discrete foci may be missed. Furthermore, 
negative ambulatory EEG recordings are not usually 
helpful when the question is one of nonepileptic par-
oxysmal events. Here the video image of the child is 
frequently indispensable in recognizing and definitively 
characterizing the event.

Most makers of ambulatory EEG equipment have 
also converted to digital technology. This technique has 
all of the advantages of digital technology (described sub-
sequently), allows more channels to be recorded, and 
offers automated computerized detection of interictal and 
ictal discharges. These technical advantages have greatly 
expanded the role of ambulatory monitoring.

Intensive Closed Circuit 
Television–Video EEG Monitoring

Closed circuit television (CCTV)–Video EEG monitoring 
in a specialty equipped inpatient unit is the procedure 
of choice to document pseudoseizures, establish precise 
electrical–clinical correlations, and localize epileptogenic 
foci for resective surgery Emphasis in intensive monitor-
ing units usually is on behavioral events, not interictal 
activity.

Demonstrating that an electrical seizure discharge 
accompanies undiagnosed disturbances in behavior is 
unequivocal proof of an epileptic mechanism. Unfortu-
nately, the converse is not true without qualifications. 
Various physiologic and technical considerations conspire 
to obscure some ictal discharges and thus lead potentially 
to false negative results. When the epileptogenic focus lies 
deep to the surface and the ictal discharge remains localized 
to this area, scalp recordings may be negative. For exam-
ple, epileptiform discharges confined to mesiobasal limbic 
structures may go undetected at the scalp. This means 
that simple partial seizures manifesting as autonomic, 
cognitive, affective, or special sensory changes (auras) 
have EEG correlates in only approximately 15 percent 
of cases (53). As another confounding variable, consider 
epileptogenic foci whose physical geometry is such that 
electrical activity is not ideally oriented for detection by 
scalp electrodes. Discharges arising from orbital frontal 
or mesial parasagittal areas may not result in long cur-
rent loops (dipoles) whose vectors are orthogonal to the 
surface, the optimal orientation for scalp detection of 
electrical events. Finally, seizures may be associated with 
sufficient muscle activity that high-voltage noncerebral 
electrical activity [electromyography (EMG), movement 
artifact] prevents detection of low-voltage EEG changes. 
This is frequently the case with frontal lobe seizures, in 

which early onset of movement makes it difficult to deter-
mine whether EEG change has occurred. In the absence 
of an unambiguous ictal discharge, postictal slowing is 
usually indicative of a preceding epileptic event if similar 
changes are not seen in the preseizure record.

To enhance detection of ictal discharges, especially 
their earliest manifestations, and to provide a comprehen-
sive analysis of the epileptogenic region, most laborato-
ries supplement usual EEG recording sites with additional 
placements, including extratemporal electrodes, nasopha-
ryngeal and sphenoidal electrodes, and supraorbital elec-
trodes. Because of the many additional recording sites, 
it is not unusual for monitoring units to record simulta-
neously from 32, 64, or even more channels. The need 
for many recording channels is even more urgent when 
intracranial electrodes are used. These may be depth 
probes, subdural strips, or subdural grids, each contain-
ing multiple recording contacts. Intracranial electrodes 
are required in patients being evaluated for resective 
surgery when extensive surface (including sphenoidal) 
recordings do not provide definitive localization of the 
epileptogenic zone (54–57) or when other clinical data 
conflict with EEG findings (58).

A variety of ictal patterns may be seen in children. 
For the most part, these are similar to those encountered 
in adults. Focal ictal discharges are often characterized by 
sustained runs of rhythmic delta or theta-alpha activity 
that evolve in frequency and voltage. Generalized con-
vulsive seizures may be characterized by runs of diffuse 
rhythmic fast activity during tonic phases or runs of spike-
wave discharges during clonic phases. Some patterns, 
however, are peculiar to children. Examples of these are 
runs of rhythmic positive sharp waves in some infantile 
focal seizures and electrodecremental events (Figure 12-6) 
during infantile spasms. Seizures in infants and young 
children usually are focal and secondarily generalize less 
often than in adolescents and adults. Bilaterally synchro-
nous generalized ictal discharges occur only very rarely 
in infants less then 13 months old (59).

MAGNETOENCEPHALOGRAPHY

Magnetoencephalography (MEG) detects and measures 
magnetic activity of the cortex using superconductive 
quantum interference devices (SQUIDs). Neuronal aggre-
gates that are current sources of brain electrical activity 
also generate magnetic fields. Models depicting the head as 
a homogeneously conducting sphere demonstrate that mea-
surements of magnetic fields can provide three-dimensional 
localization of a neuronal source. MEG differs from EEG 
in ways that are potentially very useful. For example, MEG 
is more accurate than EEG in localizing dipoles of neuro-
nal activity oriented parallel to the surface. Furthermore, 
MEG is relatively unaffected by overlying tissue and bone, 
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which significantly attenuate volume conduction of elec-
trical potentials between cortex and scalp. Finally, MEG 
appears to arise solely from intracellular currents in active 
neurons (60, 61). Thus, for some current sources, MEG 
may offer greater spatial resolution than EEG.

Several investigators have used MEG to map epi-
leptogenic foci, and results have compared favorably 
with EEG localization (61–64). Applications are cur-
rently limited by the complex technology required to 
detect the extraordinarily weak magnetic fields of the 
brain. Until now, most investigators have used only a 
single SQUID, which is then moved from place to place 
on the head. Multichannel recording is clearly feasible, 
however, and reports are appearing of recording devices 
with 20 or more channels. There is promise, therefore, of 
using MEG as a complement to EEG to improve source 
localization in studying epileptiform activity in people 
with epilepsy.

Digital technology has quickly changed how EEG 
signals are collected and stored in many laboratories 
across the country. One difference is that digital signals 
are not contaminated by sources of noise encountered 
with analog technologies. The EEG signal is electronically 
stored and may be reviewed in any desired montage, sen-
sitivity, or filter setting. The digital format also allows for 
quantitative methods of EEG analysis, including Fourier 
(spectral cross-correlation) and cross-spectral analysis. 
In addition, interpolation techniques may be applied 
to estimate the electric potentials at intermediate scalp 
positions from known values at each electrode position. 
Topographic or spatial maps are another way of display-
ing EEG data that differs from the conventional display 
by producing maps of electrical potentials that loosely 
resemble images seen with MR or CT. Finally, source 
dipole localization has been proposed as a method to 
find the intracranial sources generating scalp potentials. 
Most of these techniques are still research tools and have 
not yet come into common clinical practice.

CONCLUSIONS

In this chapter we have indicated the role of EEG in evalu-
ating children with known or suspected seizures. EEG is 
an important, perhaps the most important, adjunct to 
history and examination. But, as with any laboratory test, 
care and judgment must be used in relating EEG findings 
to other clinical data. Indeed, the full potential of EEG 
can be realized only when interpretations are placed in 
the full clinical context.

EEG interpretation in infants and children is com-
plicated by two important considerations. First, many 
normal potentials are high-voltage, occur paroxysmally, 
and have spiky waveforms. Unusual benign variants are 
common. Thus, EEGs of children are easy to overinter-
pret or misinterpret. The second issue is that the develop-
ing brain has unique neuroanatomic, biochemical, and 
neurophysiologic features. The various EEG abnormali-
ties in childhood epilepsy and the their clinical expression 
result from the interaction of developmental features with 
genetic or acquired pathology.

The EEG examination should always be framed to 
answer a particular question. There is no evidence that 
routine follow-up EEGs every 6 or 12 months serve any 
useful purpose. Dialog between the clinician and labora-
tory is essential, especially if special recording circum-
stances are necessary to obtain maximal information. 
Questions that the EEG may help answer include:

 1. Does the child have epilepsy?
 2. Are seizures of localized or generalized onset?
 3. Does the child fit a specific electroclinical 

syndrome?
 4. Is clinical deterioration the result of unrecognized 

seizures, a progressive neurological syndrome, or 
drug toxicity?

 5. Is the child a candidate for surgery?
 6. Can AEDs be safely withdrawn?
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Basics of Neuroimaging in 
Pediatric Epilepsy

euroimaging, especially mag-
netic resonance imaging (MRI), 
has become a critical tool in the 
evaluation of the child with epi-

lepsy. The introduction and ongoing refinement of MRI 
have allowed noninvasive visualization of the many 
substrates of epileptogenesis. Identification of mesial 
temporal sclerosis, neoplasms, vascular malformations, 
and subtle cortical dysplasias converts some cases of 
heretofore “nonlesional” to “lesional” epilepsy, and 
thus amenable to surgical intervention and improved 
outcomes.

Imaging is an essential component of a multidis-
ciplinary evaluation of children with epilepsy. Because 
imaging is only one of many evaluation tools avail-
able to help locate epileptogenic foci, imaging results 
need to be interpreted in the context of the medical 
history, physical exam, electroencephalogram (EEG), 
neuropsychologic testing, and, where indicated, inva-
sive intracranial electrophysiologic monitoring. In this 
chapter we aim to provide a general overview of the 
many imaging modalities available to the clinician in 
furthering our understanding of the pathophysiology 
of epilepsy. We also briefly review newer technolo-
gies aimed at noninvasively localizing epileptogenic 
cortex.

James M. Johnston
Matthew D. Smyth
Robert C. McKinstry

SEDATION

Movement significantly decreases the resolution and 
quality of most advanced imaging techniques, especially 
MRI, making adequate sedation for uncooperative chil-
dren quite important. Neonates often do not require seda-
tion if they are fed immediately before arrival, kept warm, 
and provided with ear plugs during the study. Some insti-
tutions have installed audiovisual systems in their MR 
scanners, with subsequent reductions in sedation, motion 
artifact, and room time. However, most children under 
7 years of age will require some form of sedation. When 
sedation is needed, most institutional protocols call on 
the expertise of nurse anesthetists, hospitalists, or anes-
thesiologists to ensure safe and effective sedation.

IMAGING MODALITIES

Head Sonography

Fetal ultrasound is a screening tool that has an estab-
lished role in the diagnosis of cerebral malformations, 
congenital anomalies, and complex syndromes. In the 
postnatal period, ultrasound is often the initial study in a 
diagnostic workup for seizure activity. It has the benefits 
of being noninvasive and avoiding radiation exposure. 

N
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Neonatal head ultrasound’s primary role has tradition-
ally been in the evaluation of the preterm newborn for 
diagnosis of parenchymal hemorrhage, germinal matrix 
hemorrhage, and hydrocephalus. Ultrasound may detect 
changes of hypoxic ischemic injury, vascular anomalies, 
or brain malformations.

Computed Tomography

Computed tomography (CT) is most helpful in the iden-
tification of intracranial hemorrhage, major vascular 
malformations, and ventriculomegaly. The sensitivity of 
CT is approximately 30% in the detection of many of the 
causes of epilepsy (1–5). Given these limitations, as well 
as the risks of radiation exposure in infants and young 
children, CT has been replaced by MRI in the elective 
workup of childhood epilepsy.

In cases of recording in order to localize epileptic 
foci with electrode grids, CT may also be used to obtain 
images of electrodes in situ that can later be fused onto 
preoperative MR images with standard software. This 
technique allows the use of neuronavigation to guide 
operative resection of epileptogenic lesions (6).

Magnetic Resonance Imaging

Technical Considerations. The continued devel-
opment of MRI has improved our ability to visualize 
the most common causes of epilepsy. Routine sequences 
should include high-resolution T2-weighted, fluid attenu-
ation inversion recovery (FLAIR), T-2*- weighted gradi-
ent echo, 3D high resolution T1W gradient echo, and 
diffusion-weighted imaging. Imaging after administration 
of gadolinium contrast agents helps differentiate  neoplasia 
from dysplasia and should be done whenever a structural 
abnormality is present.

The advent of high-resolution, multichannel coils 
and higher field strength (
 3 Tesla) has enhanced 
signal-to-noise ratio and reduced scan times. Phased-
array coil imaging has improved cortical lesion detec-
tion by 64% compared with standard 1.5-T coils 
(7). As phased-array technology is adapted for 3-T 
systems, signal-to-noise ratio and resolution should 
improve even more (8). Research with 7-T multichan-
nel array technology promises visualization of cortical 
abnormalities of less than 100 µm in the near future, 
prompting some authorities to predict an era of “in 
vivo histology” (9).

Overview of Myelination in the Normal Brain

Any interpretation of magnetic resonance imaging of 
the developing brain must take into account the dynamic 
process of myelination and changes in water content, with 
corresponding signal intensity changes on T1- and T2-
weighted imaging. In most basic terms, T1 and T2  relaxation 

times become shorter as maturation progresses, as a 
result of increased myelin and decreased water content 
in imaged tissue. Myelination begins in the dorsal brain-
stem and cerebellum as early as the fifth fetal month, then 
involves the pyramidal and somatosensory radiations, 
and progresses later to the subcortical white matter of 
the prefrontal and anterior temporal regions over the 
first two years of life (10). Thus, white-matter maturation 
is evaluated best with T1-weighted images until 6 to 8 
months of age, after which T2-weighted images become 
more sensitive to white-matter changes.

Quantitative MR Techniques

Detailed manual segmentation of specific brain 
regions and structures such as hippocampus and amygdala 
has permitted a more quantitative formulation of stan-
dardized growth trajectories and better understanding of 
both normal and abnormal development (8). For example, 
mesial temporal sclerosis (MTS) has been studied using 
quantitative techniques that have excellent sensitivity and 
specificity for detecting hippocampal asymmetry (11). 
Quantitative studies of regional brain volume also have 
found decreases in cerebral and cerebellar size in children 
with epilepsy (12).

Surface-based and volume-based representations 
of cortex provide population-averaged “architectonic” 
maps to permit truer comparisons of functional or struc-
tural data between individuals or research cohorts (13). 
For example, construction of a surface-based atlas has 
permitted the identification of cortical folding abnormali-
ties in Williams syndrome (14).

Cortical Malformations

A wide spectrum of cortical malformations, due to 
genetic or environmental insults, can cause pediatric epi-
lepsy. These can be classified in terms of disruption of 
neuronal production, differentiation, and migration. The 
most common malformations are well visualized on MRI, 
especially with the use of high resolution 3-T and modern 
phased-array technology. The examples that follow illus-
trate the types of abnormalities that can be identified. For 
a more extensive review of this topic, see the references 
by Barkovich and by Raybaud et al (15, 16).

Transmantle Dysplasias

Transmantle dyplasias are disorders of neuronal and 
glial differentiation with or without abnormal migration. 
Histologically, these abnormalities contain dysplastic 
glioneuronal elements that increase signal on T2/FLAIR 
imaging depending on the child’s age and state of myelina-
tion of the brain. In many ways these dysplasias repre-
sent a one pole of a spectrum that blends into low-grade 
neoplasia. As a result, it can be difficult to differentiate 
the two based on imaging alone.
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Focal cortical dysplasias of Taylor are the most 
common of the transmantle dysplasias. Histologically, 
they are characterized by abnormal dendritic arboriza-
tion, disorganized neurons, and large dysmorphic astro-
cytes called “balloon cells.” The poorly differentiated 
glioneuronal cells span the cerebral mantle, with blurring 
of the gray–white junction. These lesions are best visual-
ized as high signal on T2 and FLAIR images. Classically 
they have a triangular shape with the apex pointed at 
the superolateral margin of the ventricle and the base 
on the cortical surface (Figure 13-1). Imaging after con-
trast administration helps differentiate this entity from 
a neoplasm.

Hemimegalencephaly is a highly epileptogenic trans-
mantle dysplasia. It is characterized by an enlarged hemi-
sphere and ipsilateral ventricle, with tilting of the corpus 
callosum and septum pellucidum towards the involved 
side (Figure 13-2). There is variable loss of gray–white 
matter differentiation throughout the abnormal hemi-
sphere. Typically, the white matter has increased T1 and 
decreased T2 signal, thought to represent hypercellularity 
or an advanced myelination (17).

In pathologic specimens these hamartomas were 
described as “candle dripping” (Figure 13-3). Over 
time, because of increasing myelination and calcifica-
tion, they are most easily identified on T1-weighted 
images and variably enhance with contrast. Cortical 

hamartomas (tubers) are characterized histologically 
by a dense gliosis, disordered myelination, and bizarre 
giant cells similar to those seen in cortical dysplasia. 
Sometimes calcified, the MR appearance of tubers 
changes with advancing age and myelination. In neo-
nates, tubers appear as T1-hyperintense, T2-hypoin-
tense to surrounding white matter. With myelination, 
the lesions slowly become isointense, then T2/FLAIR 
hyperintense in older infants. Approximately 5–10% 
of children with TSC will develop a subependymal 
giant cell astrocytoma. Typically found near the fora-
men of Monro, these lesions can acutely become 
symptomatic when they enlarge and obstruct flow of 
CSF at the foramen. On MRI, they have increased T1 
and decreased T2 signal and enhance homogeneously 
after contrast administration. Degeneration into dif-
fuse astrocytoma is rare but should be suspected when 
associated with increased T2 signal in the surrounding 
white matter.

FIGURE 13-1

Cortical dysplasia. Coronal high-resolution T2W image dem-
onstrates extensive abnormal signal hyperintensity in the right 
inferomedial temporal lobe (within the circle). The cortex has 
elevated signal, as does the subcortical white matter. The 
junction between the gray matter and the white matter is 
indistinct.

FIGURE 13-2

Hemimegalencephaly. Horizontal T2W image reveals the 
extensive transmantle dysplasia of left hemimegalencephaly. 
The right hemisphere is normal. On the left the cortical ribbon 
is thickened (long white arrow) relative to the normal cortex 
(white arrow head), the gray-white junction is indistinct, and 
the left ventricle is dysmorphic and enlarged.
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Disorders of Migration. Heterotopias are char-
acterized by groups of neurons in abnormal locations. 
Unlike the transmantle dysplasias described in the pre-
ceding paragraphs, signal characteristics are identical to 
normal cortex, without T2/FLAIR abnormality. However, 
the advent of increasingly sensitive MR techniques has 
allowed visualization of more subtle structural abnor-
malities.

Nodular heterotopias are either isolated or diffuse 
clumping of gray matter adjacent to the ventricular wall 
(subependymal) (Figure 13-4, black arrow) or between 
the ventricle and cortical mantle (subcortical). The nod-
ules may be unilateral or bilateral and vary greatly in 
size, and are often associated with commissural agenesis, 
polymicrogyria, or schizencephaly.

Band heterotopias, also known as laminar hetero-
topias, are characterized by a duplication of the cortical 
gray matter extending below and then away from normal 
cortex. Typically they are bilateral and symmetrical, and 
they occur almost exclusively in females.

Polymicrogyria (or microgyria) is a disorder of cor-
tical sulcation and lamination with loss of intermedi-
ate cortical layers and fusion of the molecular layer. On 
MRI, the sylvian fissure extends posteriorly beyond its 
normal confines at the temporoparietal junction, and the 
remainder of the brain has an “overfolded” appearance 
(Figure 13-5, white arrows) as compared with normal 
cortex (Figure 13-5, black arrow). The peri-insular cortex 
is typically the most severely affected, and variable atro-
phy of the hemisphere is usually apparent. Often there 
is increased T2/FLAIR signal in the periventricular and 
subcortical white matter, suggestive of dysmyelination.

Schizencephaly or split brain refers to the presence 
of a pia-lined cleft extending from the cortical surface to 
the ventricle (Figure 13-5, black arrow head). Subclassified 
as fluid filled (“open-lip”) or collapsed (“closed-lip”), it is 
often associated with adjacent polymicrogyria (Figure 13-5, 
white arrows), septal agenesis, partial agenesis of the cor-
pus callosum, and cortical heterotopias. This malformation 
should be differentiated from encephaloclastic porenceph-
aly, in which the cleft is lined with white matter.

Lissencephaly (agyria-pachygyria complex) is a series 
of brain abnormalities with decreased sulcal and gyral 

FIGURE 13-3

Tuberous sclerosis. Horizontal T2W image demonstrates three 
classic features of tuberous sclerosis. The black arrow indi-
cates an area of subcortical flame-like hyperintensity typical 
of a cortical tuber. The arrow heads illustrate the T2-hypoin-
tense subependymal nodules, which are likely calcified. The 
white arrow identifies an intraventricular heterogeneous mass 
with bowing of the septum pellucidum due to a subependymal 
giant cell astrocytoma.

FIGURE 13-4

Periventricular nodular heterotopia and pachygyria. Hori-
zontal T1W image from a child with extensive periventricu-
lar nodular heterotopia (black arrow) and bilateral posterior 
parieto-occipital pachygyria. Note the thickened, broadened, 
and flattened appearance to the pachygyria relative to normal 
cortex.
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development. “Agyria” refers to an absence of gyri (com-
plete lissencephaly), while “pachygyria” refers to areas of 
broad, flat gyri (incomplete lissencephaly). Both are char-
acterized by thickened cortex, and result from abnormal 
neuronal migration (Figure 13-4, white arrow).

Neoplasms

Dysembryoplastic neuroepithelial tumors (DNET 
or DNT) are benign glioneuronal neoplasms of the 
cortex associated with partial complex epilepsy, usu-
ally without neurologic deficit. Accounting for nearly 
20% of the pathology found in pediatric cases of surgi-
cally treated epilepsy (18), approximately 60% of these 
tumors are located in the temporal lobe with 30% in the 
frontal lobe and the remainder distributed in other brain 
regions. Imaging findings on MR include decreased T1, 
increased T2/FLAIR signal without surrounding edema, 
and enhancement in approximately one-third of cases. 
Most have cystic or microcystic components and are 
well demarcated from the surrounding brain parenchyma 
(Figure 13-6, black arrow).

Gangliogliomas and gangliocytomas are relatively 
rare. These mixed glioneuronal tumors account for 
3% of pediatric brain tumors and usually are seen in 

older children and young adults with long histories of 
partial seizures, occasionally with focal neurologic defi-
cits (19). Gangliogliomas are most commonly located 
in the neocortex and temporal lobe, though they have 
been described near the hypothalamus and third ven-
tricle. Lesions may be solid or cystic, with or without 
mural nodule. Solid portions of the tumor demonstrate 
increased T2 signal with variable enhancement, and calci-
fication is occasionally present (Figure 13-7). Differential 
diagnosis includes astrocytoma, oligodendroglioma, and 
DNET. Surgical resection of these tumors usually cures 
the patient’s seizures.

Oligodendrogliomas, though relatively rare (1% of 
all pediatric brain tumors), commonly cause seizures when 
they are present. These are most commonly found in the 
frontal and temporal lobes and are frequently cystic and 
calcified on CT. MR appearance is nonspecific: They are 
commonly isointense to surrounding brain on T1 and T2, 
with areas of T1 hyperintensity (related to calcification) 
and variable enhancement (Figure 13-8).

Hypothalamic hamartomas are rare, congenital mal-
formations located in the region of the tuber cinereum of 
the hypothalamus. Clinically, these are associated with 
precocious puberty, epilepsy, developmental delay, and 

FIGURE 13-5

Polymicrogyria and schizencephaly. Parasagittal T1W image and horizontal T2W image from a child with extensive malforma-
tion of cortical development. The white arrows show cobblestone irregularity of the frontal lobe cortex with numerous small gyri
compared with the normal cortex (black arrow). The black arrow head points to a closed lip schizencephalic cleft, which is lined
by polymicrogyria. The dimple in the lateral wall of the left lateral ventricle is the site of the pial-ependymal seam.
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gelastic seizures as well as other types of partial and gen-
eralized seizures, including atypical absence and drop 
attacks (20). Lesions usually are isointense to gray matter 
on T1 and iso/hyper intense on T2 sequences without 
enhancement. Large hamartomas (up to 4 cm) may have 
cystic components extending into the sella or even middle 
cranial fossa.

 Vascular Malformations

Cavernous angioma (or cavernoma) has been associ-
ated with epilepsy in children and is frequently associated 
with a benign venous malformation. Histologically, cav-
ernomas are characterized by sinusoidal vascular spaces 
with dilated capillary beds filled with blood and break-
down products of varying age. MRI shows a lobulated 
center (“popcorn”) with high T1, T2, and FLAIR signal 
surrounded by a rim of T2 hypointensity related to hemo-
siderin and ferritin breakdown products. The rim, related 
to intermittent small hemorrhages, is best visualized with 
T2*-weighted gradient echo sequences. Some cavernomas 
have surrounding gliosis and increased T2 signal (21).

Sturge-Weber (encephalotrigeminal angiomatosis) 
is a sporadic disorder characterized by angiomatosis 
involving the eye, face (facial nevus flammus, or port-
wine stain), and/or leptomeninges. Intracranially, there 
is a disorganized angiomatosis of the leptomeninges 
involving the capillaries, venous channels, and arteries, 
with characteristic “matting” and fibrosis. There is also 
typically diffuse calcification of the underlying cortex, 
most commonly in the temporo-parieto-occipital region 
secondary to ischemia. Typical findings on MR include 
weblike enhancement of the subarachnoid space, corre-
sponding to the matted vasculature of the pial angioma 
(Figure 13-9). Calcification of the underlying cortex is 
best visualized on CT or MR T2-weighted images and is 
usually unilateral. The ipsilateral choroid plexus may also 
be enlarged (22), and may be correlated with the extent 
of pial angiomatosis (23).

Arteriovenous malformations (AVM) are abnormal, 
often friable connections between cerebral arteries and 
veins without intervening capillaries. Thought to be con-
genital, AVMs may grow over time, resulting in hypoper-
fusion and the development of aneurysms, and can cause 
seizures, neurologic deficits, headache, hydrocephalus, or 
hemorrhage (24). CT is most sensitive in the detection of 
hemorrhage that presents acutely. CT angiography with 
3D reconstructions can help delineate feeding artery and 
draining vein anatomy (25) (Figure 13-10, long white 

FIGURE 13-6

Dysembryoplastic neuroepithelial tumor (DNET). Horizontal 
post-contrast T1W image of a child with a DNET. The lesion 
is based in the cortical and subcortical region of the posterior 
insula on the left. The lesion has minimal mass effect and a 
cystlike appearance medially with a posterolateral nodule 
that follows gray matter signal (black arrow).

FIGURE 13-7

Ganglioglioma. Horizontal post-contrast T1W image of a left 
posteriomedial temporal lobe mass. The cystlike lesion with 
an enhancing mural nodule is a classic appearance for gan-
glioglioma.
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FIGURE 13-8

Oligodendroglioma. Horizontal CT, T2W, and post-contrast T1W images from a right frontal lobe mass. The hyperdensity on the 
CT peripherally indicates calcification, a common feature of oligodendroglioma. The heterogeneous T2W signal with enhance-
ment are nonspecific but common features in this neoplasm.

FIGURE 13-9

Sturge-Weber. Horizontal post contrast T1W image demon-
strates diffuse, bilateral leptomeningeal enhancement and 
atrophy of the right hemisphere typical of encephalotrigeminal 
angiomatosis. The surface of the cortical gyri are enhancing. 
Bilateral involvement is present in this example, but unilateral 
involvement is the more typical presentation.

arrow). Imaging findings on MR include flow voids on 
T2 spin echo sequences and low intensity T2* signal in 
areas of old hemorrhage.

Mesial Temporal Sclerosis

The term mesial temporal sclerosis (MTS) refers to 
hippocampal atrophy, with or without damage to sur-
rounding structures in the mesial temporal lobe. Clini-
cally, MTS is synonymous with temporal lobe epilepsy 
(TLE) or epilepsy with partial complex seizures. Typi-
cally, MTS involves lateral temporal neocortex as well as 
extratemporal structures, especially the frontal lobe. His-
topathologically, hippocampal sclerosis refers to a small, 
firm hippocampus with neuronal loss in CA1 and CA3, as 
well as sclerosis in all sectors. As mentioned above, patho-
logic changes may be discerned in other mesial structures, 
including the amygdala, fornix, and mammillary body. 
MTS may be associated with other developmental abnor-
malities of the brain, especially porencephaly (26, 27). A 
current area of active investigation includes better delin-
eating the relationship of MTS to complex febrile seizures 
of childhood as well as status epilepticus.

The classic imaging findings in mesial temporal scle-
rosis are hippocampal atrophy, increased T2 signal, and 
loss or distortion of adjacent white matter (Figure 13-11, 
right image). In addition, quantitative methods have been 
developed by several groups with excellent results (11, 28). 
Both automatic and manual segmentation techniques 
have been applied to high-resolution T1 images in an 
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oblique coronal plane, perpendicular to the long axes of 
the hippocampi (Figure 13-11, left image). Volumetric 
analysis of hippocampi in normal children can provide 
normative data used for diagnosing hippocampal sclero-
sis (29). Hippocampal volume has been correlated with 
prognosis for seizure freedom and neuropathologic find-
ings after surgical resection (30, 31).

Rasmussen’s Encephalitis

The term Rasmussen’s encephalitis describes a syn-
drome of partial-onset seizures and progressive neurologic 

deficits that commence between 14 months and 14 years 
of age. Fluctuating deficits follow seizures, lengthen, and 
then become permanent in more than half of affected chil-
dren. Partial and generalized seizures often evolve over 
time, and progressive deterioration of neurologic status 
with hemiparesis, focal neurologic deficits, and dementia 
characterize the most severe cases. Histopathologically, 
the affected brain shows diffuse lymphocytic infiltration 
and perivascular cuffing, consistent with chronic viral 
encephalitis (32). MRI features have been correlated with 
quantitative histopathology, showing higher numbers of 

FIGURE 13-10

Arteriovenous malformation. Cerebral angiography (left) of a temporoparietal arteriovenous malformation (AVM). The long white 
arrow points to a tangle of vessels in the nidus of the AVM. BOLD functional MRI was performed (right) to determine whether 
the AVM involved eloquent cortex. The circle encloses the AVM. The crossing lines localize activation along the precentral gyrus.
The graph confirms that the activation is synchronized with the finger-tapping task paradigm.
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T cells and reactive astrocytes in the earlier, acute inflam-
matory stage of the disease (33). Classic imaging findings 
include progressive brain atrophy, edema of the cortical 
ribbon with increased T2 and FLAIR signal, and relative 
enlargement of the ipsilateral ventricle.

Diffusion Tensor Imaging

Diffusion tensor imaging (DTI) has emerged as a powerful 
tool in the analysis of brain development and myelination 
of axons, and in visualization of the fine detail of white 
matter organization in children. Diffusion MR imaging, 
acquired using single-shot spin echo echo-planar pulse 
sequence using Stejskal-Tanner pulsed diffusion gradi-
ents, is sensitive to the subvoxel movement of water in 
brain tissue. Signal intensity in DTI is inversely related 
to the magnitude of water diffusion (hyperintense 	
decreased movement of water) (10).

The apparent diffusion coefficient (ADC) is a quan-
titative measure of water diffusion along a given applied 
gradient. Water diffuses more freely in the direction of 
white matter bundles structural elements such as the 
myelin sheath, axolemma, and neurofilaments. The term 
fractional anisotropy (FA) refers to the degree of asym-
metric water diffusion (e.g., greater along a fiber tract as 
opposed to between fiber tracts) within a given location 
(voxel). Thus, by measuring ADC along multiple diffu-
sion-encoding directions it is possible to obtain informa-
tion about rate, magnitude, and directionality of water 

diffusion. This information is then translated into images 
depicting white matter tract location and directionality.

During normal brain development, there is a general 
decrease in water diffusivity and increase in anisotropy asso-
ciated with myelination and tract development. In general, 
these changes follow both a temporal and spatial sequence 
that parallels that of myelination noted previously.

Diffusion tensor imaging has proven useful in the 
study of epilepsy. In MTS, increased diffusivity and 
decreased fractional anisotropy are present in the epi-
leptogenic zone (34–36). Combining DTI with statistical 
parametric mapping (SPM) or zonally magnified oblique 
multi-slice echo planar imaging (ZOOM-EPI) acquisition, 
some investigators have suggested that increased diffusiv-
ity may be an early marker of mesial temporal lobe epilepsy 
(MTLE), even when the MRI is normal (37, 38). Recent 
work demonstrates more widespread bilateral changes, 
including increased diffusivity throughout the ipsilateral 
hippocampus and mesial temporal lobe, decreased anisot-
ropy in posterior ipsilateral extratemporal regions, as well 
as decreased anisotropy in the contralateral hippocam-
pus, ipsilateral thalamus (39), and bilateral limbic system 
(40), suggesting multiple abnormalities over the course 
of an “epileptogenic network” (41, 42).

Diffusion tensor imaging has also been applied 
to extratemporal epilepsy with good results. DTI with 
SPM has demonstrated either reduced anisotropy or 
increased diffusivity in brain surrounding cortical 
malformations (43, 44). Paradoxically, dyplastic gray 

FIGURE 13-11

Mesial temporal sclerosis. Coronal inversion recovery T1W and high resolution T2W images of left hippocampal sclerosis. The 
black arrows localize a small, T2-hyperintense left hippocampus. The internal architecture of the left hippocampus is indistinct
as well.
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matter demonstrates increased anisotropy in some 
reports (45). Among children with tuberous sclerosis, DTI 
studies have identified abnormalities in cortical tubers 
and in associated white matter lesions (46). Asymmetries 
in temporal anisotropy have been associated with atypi-
cal language lateralization (47). Fractional anisotropy in 
frontotemporal regions has been correlated with interictal 
psychosis (48). Generalized decreased fractional anisot-
ropy in injured brain regions may be useful in predicting 
epileptogenesis in patients with traumatic brain injuries (49). 
Diffusion tensor imaging tractography is sensitive enough 
to detect both axonal fragmentation and delayed myelin 
degradation in patients undergoing corpus callosotomy 
(50). In combination with functional MRI and MR spec-
troscopy, DTI provides a noninvasive window on the 
functional, microstructural, and biochemical character-
istics of epileptogenic tissue (51).

DTI has also been utilized for both preoperative 
and intraoperative applications in the surgical treatment 
of intractable epilepsy (52). Preoperative DTI visualiza-
tion of the optic pathways may also be useful for predict-
ing visual field defects after resection of the temporal 
lobe (53).

Diffusion spectroscopic imaging (DSI) and tractog-
raphy uses probabilistic map calculation algorithms to 
better visualize small tracts, as well as the white matter 
organization outside large tracts, with a spatial resolu-
tion of 8 mm3 (Figure 13-12). Increased resolution of this 
approach has the potential to allow better definition of 
the microanatomy of seizures.

Proton MR Spectroscopic Imaging

Proton magnetic resonance spectroscopy (MRS) is a tech-
nique for the assessment of chemical composition and 
cellular metabolism of the brain in vivo. The most com-
monly used nuclei are 1H and 31P. Magnetic resonance 
spectroscopy provides a qualitative and quantitative 
depiction of metabolites present in brain tissue. In clinical 
applications 1H-MRS is more commonly used because of 
its better spatial resolution. The most common metabo-
lites imaged are N-acetyl aspartate (NAA), choline (Cho), 
glutamate/glutamine (Glx), lactate/lipid (Lac), myo-inosi-
tol (mI), and creatine/phosphocreatine (Cr/PCr). In gen-
eral terms, NAA is a marker of neuronal health, and its 
concentration probably reflects neuronal density. Cho is 
thought to be a marker of cell membrane turnover and 
thus glial health or myelin turnover. Lactate is a marker 
of anaerobic glycolysis, whereas creatine is a marker of 
high-energy metabolism. Myo-inositol is an osmolyte and 
marker of glial health. Glutamate is elevated in ischemia 
and excitotoxic injury. 31P-MRS is useful in the imaging 
of phosphate-containing compounds such as adenosine 
triphosphate (ATP), phosophodiesters, phosphocreatine, 
and inorganic phosphate. It is also useful in determining 
tissue acidity/pH (54).

MR spectroscopy has a role in the differentiation of 
high-grade tumors, in which choline is typically elevated 
relative to NAA and Cr, as compared to metabolic disor-
ders, ischemia, and glial scarring. Other MR spectroscopy 
applications include metabolic disorders, stroke, hypoxia 
and monitoring gene therapy; however, this discussion 
focuses on its application in the study and localization 
of epileptogenic cortex.

Studies of children with intractable epilepsy have 
shown a significantly decreased NAA/(Cho�Cr) ratio 
(55–59), on the order of 19% in the involved temporal lobe 
compared with normal controls (56). Postictal 1H-MRS
of hippocampi has also shown increased NAA/(Cho�Cr) 
and lipid/lactate levels if performed within 7–24 hours 
following a seizure. When the findings were unilateral, 
they always corresponded to the affected side and were 
somewhat helpful in the localization of extratemporal 
foci (60–62). Although ipsilateral apparent diffusion 
coefficient (ADC) but not NAA/(Cr�Cho) correlated 
with disease duration, neither ADC nor NAA/(Cr�Cho)
correlated with hippocampal volume. Hence these three 
variables appear to capture different but complementary 
aspects of hippocampal pathology (35).

Spectroscopy has emerged as a means of locating epi-
leptogenic cortex in children with otherwise normal MRI 
and hippocampal volumetry (63) and in children with 
complex febrile convulsions (64). When combined with 
amygdalo-hippocampal volumetry, the accuracy of 1H
spectroscopic imaging (MRSI) maps approaches that of 
the EEG for lateralizing epileptogenic temporal cortex (65). 

FIGURE 13-12

Diffusion tensor tractography. Diffusion tensor tractography 
(DTT) of bilateral corticospinal tracts in a 3-year old child. 
(Figure courtesy of Joshua Shimony, Mallinckrodt Institute of 
Radiology, Washington University School of Medicine.)
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Quantitative 1H-MRS has also proven useful in detecting 
metabolic changes in hippocampi in children with asymp-
tomatic localization-related epilepsy and infrequent sei-
zures (66). Some children with juvenile myoclonic epilepsy 
have reduced frontal lobe concentrations of NAA (67). In 
tuberous sclerosis, researchers have found significantly 
lower NAA/Cr and NAA/(Cho�Cr) in cortical tubers 
than in normal brain (68).

In summary, proton MR spectroscopy holds great 
promise for improving our understanding of the metabolic 
dysfunction that accompanies or predisposes to epilepsy. 
Future applications will likely allow observation of transport 
and metabolism of macromolecules in the brain, combina-
tion with functional MRI, and assessment of the short-term 
effects of CNS-targeted pharmacologic interventions (69).

Functional Neuroimaging

Positron Emission Tomography

Functional neuroimaging provides information 
complementary to structural MR imaging in the diag-
nosis of epilepsy. Positron emission tomography (PET) 
allows visualization of brain glucose metabolism with 
the use of positron-emitting ligands such as 2-deoxy-
2-[18F]fluoro-D-glucose (FDG). Other ligands more 
specific to epilepsy have been developed, including 
[11C]flumazenil (FMZ), which binds to GABAA recep-
tors (70), and alpha-[21C]methyl-L-tryptophan (AMT), 
which measures tryptophan metabolism (71). Research 
continues regarding the use of radiolabeled ligands to opi-
oid, histamine H1, monoamine oxidase type B enzyme, 
N-methyl-D-aspartate, peripheral-type benzodiazepine, 
and serotonin 1A receptors.

Baseline glucose metabolism varies significantly as a 
function of age, with low values in infants, increasing to a 
maximum between 4 and 12 years, slowly declining during 
adolescence (72). Quantitative analysis by statistical para-
metric mapping (SPM) and statistical probabilistic anatomi-
cal mapping improves diagnostic performance (45).

PET has proven useful in the evaluation of many 
disorders associated with partial-onset seizures. These 
include infantile spasms, Rasmussen’s syndrome(73), as 
well as partial epilepsies without MRI abnormality (74). 
Interictal FDG PET imaging of patients with medically 
refractory temporal lobe epilepsy shows glucose hypo-
metabolism of the involved temporal lobe in about 85% 
of cases (75). It is important to note that if unrecognized 
epileptic discharges occur during a PET scan that is 
thought to be interictal, hypermetabolism may be occur-
ring in the affected cortex. When this occurs, it may lead 
to false lateralization to the normal side, which appears 
to be relatively hypometabolic in this setting. Further-
more, the degree of hypometabolism is related to seizure 
duration and is thus likely to be less sensitive in younger 
children than in adolescents or adults (76).

PET seems to be most useful in the localization of 
hypometabolic epileptogenic areas that appear to be 
normal by MRI (74, 75, 77–82). When areas of hypo-
metabolism are found, they can guide the placement of 
intracranial electrodes used to further hone in on the 
epileptogenic region. In children with frontal lobe epi-
lepsy, PET sensitivity of 92% and specificity of 62.5% 
have been reported (75). Though it is less commonly used 
than functional magnetic resonance imaging (fMRI), PET 
may also be useful in functional brain mapping to identify 
speech and sensory/motor areas (77).

PET has also proven useful in furthering our under-
standing of certain epileptic syndromes. Heterogeneous 
metabolic patterns have been correlated with subtypes of 
Lennox-Gastaut syndrome (82–85). Bilateral abnormali-
ties have been demonstrated in hemimegalencephaly (86). 
Finally, some authors propose that PET may provide a sen-
sitive measure of the extent of involvement and correlate 
with clinical course in Sturge-Weber disease (73, 87).

Single-Photon Emission Computed 
Tomography (SPECT)

Single-photon emission computed tomography 
(SPECT) noninvasively measures changes in cerebral 
blood flow (CBF) associated with epileptic discharge. 
The agents (iodinated radiotracers or technetium-99m 
methyl cysteinate dimer) that are used in these studies 
quickly cross the blood-brain barrier and “imprint” the 
local brain parenchyma, providing a snapshot of CBF. 
The injection can occur either during seizure activity 
(ictal), in which case it is associated with an increase in 
CBF in discharging cortex; just after an event (postic-
tal), when CBF is decreased; or at baseline (interictal) 
(88–89).

In addition to being aware of the occurrence of sei-
zure activity when SPECT is obtained, SPECT imaging in 
children must be interpreted with an understanding of the 
changes in cerebral metabolism and CBF that accompany 
growth and development. At birth, there is high baseline 
CBF in the thalamus, central white matter, and cerebellar 
vermis. By age 3 months, the striatum and occipitopa-
rietal frontal and cerebellar cortex all become relatively 
hypometabolic. At 12 months of age, the infant brain 
is very similar to the adult one, but then between 2 and 
6 years of age it doubles adult values, finally decreasing 
to adult levels by age 15 (90).

In adults with temporal lobe epilepsy, ictal and post-
ictal SPECT have sensitivities of 97% and 75%, respec-
tively (91). In extratemporal epilepsy the sensitivity of 
SPECT is less than 50%, though it may be improved to 
80% when subtraction ictal SPECT is coregistered to MRI 
in the so-called SISCOM (89, 92). Interictal SPECT is 
most useful as a baseline that can be compared with peri-
ictal images, and it has a reported sensitivity of 67% (93). 
SPECT has also been found to be useful in classification 
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of absence seizures associated with localization-related 
epilepsies (94).

In pediatric patients, the role of SPECT is less well 
established. Among children who had a favorable surgi-
cal outcome, there was approximately a 70% correlation 
between areas of increased ictal perfusion and areas of 
cortical resection, suggesting that SPECT can help opti-
mize the placement of intracranial electrodes (95). How-
ever, in a recent meta-analysis, data regarding the use of 
SPECT failed to support the use of SPECT in extra-tem-
poral epilepsy in children, although ictal combined with 
immediately post-ictal SPECT scanning might improve 
results (91). In practical terms, however, performing true 
peri-ictal SPECT with the subtraction techniques like this 
requires a highly significant institutional commitment 
for radioactive tracer acquisition, tracer storage, coor-
dination of peri-ictal injection, and prompt scanning of 
patients (92).

Functional MRI (fMRI)

Functional MRI allows visualization of active brain 
regions based on changes in CBF and oxygen metabolism. 
The most common contrast mechanism used in fMRI is 
blood oxygenation level-dependent (BOLD). Since neu-
ronal activity drives cerebral metabolism and CBF, fMRI 
acts as a surrogate marker of cortical activation. Though 
originally applied to study the localization of movement, 
language, and memory, fMRI has been applied for the 
study of epilepsy as well.

Practically speaking, task-related fMRI has been 
very useful in older children and adults, but can be dif-
ficult to impossible to perform in younger children. The 
most common applications of fMRI include lateralization 
of language and memory function as well as localiza-
tion of epileptic phenomena (96). Among many helpful 
roles, fMRI can help localize eloquent cortex prior to 
epilepsy surgery (Figure 13-10), help guide the placement 
of subdural electrode grids, influence the extent of resec-
tion, especially in cases of subcortical abnormalities, and 

generally contribute positively to outcome (97). Recent 
work shows that fMRI imaging of the amygdala during 
the fearful face task plus Roland’s Hometown Walking 
Task highly increases the reliability of lateralization in 
patients with MTLE (98).

Functional MRI data complement EEG data in 
the elucidating the pathophysiology of epilepsy (99). In 
approximately 68% of patients with focal epilepsy, BOLD 
signal and EEG data correlate significantly (100, 101). 
Atypical language lateralization identified with fMRI has 
been correlated with duration of epilepsy in pediatric 
patients (102).

Magneto Encephalography and 
Magnetic Source Imaging

Magnetoencephalography (MEG) and magnetic 
source imaging (MSI) are additional noninvasive tech-
niques for localizing epileptogenic cortex. Highly sensi-
tive magnetometers detect faint magnetic fields associated 
with current flow at postsynaptic membranes of neurons. 
These data are processed and then superimposed on ana-
tomic MR images to produce MSI (103). Because there 
is no distortion of magnetic signals by the scalp or skull, 
MEG has the potential to surpass EEG in the localiza-
tion of epileptic discharges (104), but this potential has 
yet to be realized. Compared with invasive monitoring, 
attempts at localization with MEG have a lower yield in 
classic temporal lobe epilepsy (105).

Applications for MEG are expanding, with studies 
describing its use in preoperative evaluation, subdural 
electrode grid placement, and identification of the central 
sulcus and somatosensory cortex using evoked somato-
sensory fields. However, MEG mapping of language, 
primary motor areas, and memory has been inconsis-
tent. As equipment and mathematical processing of data 
have improved, MEG is being investigated as a means of 
reducing the need for invasive subdural electrode monitor-
ing (106–110). MEG may have a role in the localization of 
epileptogenic tubers in children with TSC (111, 112).
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Neonatal Seizures

he first four weeks of life are one of 
the greatest periods of seizure hazard 
during childhood. The occurrence of 
seizures within this neonatal period

is associated with significant morbidity and mortality. 
These seizures are often difficult to recognize clinically 
and treat effectively and can represent significant diagnos-
tic and management challenges. In addition, despite their 
clinical importance, there are a number of unresolved 
issues concerning aspects of pathophysiology, mecha-
nisms of comorbidity, and therapeutic strategies; these 
issues can complicate the care of affected infants.

Reported incidence rates of neonatal seizures range 
from 1.5 to 5.5 per 1,000 neonates (1–7). Most have onset 
within the first week of life with a slow accumulation of 
incidence over the ensuing three weeks (5). Seizure occur-
rence may vary with risk factors such as degree of illness, 
possible etiology, and—according to several investiga-
tors—birth weight (5). Scher and colleagues (8, 9) reported 
that seizures occurred in 3.9% of neonates of less than 
30 weeks’ conceptional age and 1.5% in neonates older 
than 30 weeks. Similarly, Kohelet and colleagues (10) 
found an overall incidence of seizures in a cohort of very 
low-birth-weight infants to be 5.6/1,000, higher than most 
reported incidence in full-term infants.

The International League Against Epilepsy (ILAE) 
has used the terms “acute reactive” or “symptomatic” to 
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classify most neonatal seizures, implying an immediate 
cause of these events. However, the ILAE has also des-
ignated some so-called unprovoked neonatal seizures as 
the basis of epileptic syndromes. Two are relatively benign 
and two considered catastrophic (11–13). The benign syn-
dromes are discussed in this chapter and include benign 
neonatal convulsions and benign familial neonatal convul-
sions. Two catastrophic syndromes are referred to below, 
but discussed in more detail in Chapter 15: early myo-
clonic encephalopathy (EME) and early infantile epileptic 
encephalopathy (EIEE). Acute reactive or symptomatic 
seizures are the most frequent; neonatal epileptic syn-
dromes are rare.

CLINICAL FEATURES

Neonatal seizures have clinical features that are unique 
compared to those of infants and children. Neonatal 
seizures may be fragmented; be disorganized; exhibit 
unusual patterns of spread; and may appear in various 
limbs simultaneously but asynchronously. These features 
are, for the most part, based on mechanisms of epilepto-
genesis in the immature. Other differences are based on 
the relative importance of nonepileptic mechanisms of 
“seizure” generation in this age group.

T
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Neonatal seizures are classified by various methods: 
clinical features; the relation between clinical seizures and 
electrical seizure activity on the electroencephalogram 
(EEG); seizure pathophysiology; and epileptic syndromes. 
Each classification can be clinically useful. There have 
been a number of classification system proposed over 
the years (14–20). Early classification schemes focused 
on the differences between neonatal seizures and those 
of older children; neonatal seizures were reported to be 
clonic or tonic, not tonic-clonic, and when the seizures 
were focal, there were characterized as unifocal or multifo-
cal (14). Later classifications included myoclonus (15).

Early investigators also identified clinical events 
that had less of a traditional organization of motor 

activity (14, 21, 22). Such seizures were initially charac-
terized as “anarchic” (14) and then later as “subtle” (16) 
or “minimal” (18). These descriptions included oral-buccal-
lingual movements such as sucking and chewing; move-
ments of progression, such as bicycling of the legs and 
swimming movements of the arms; and random eye move-
ments. While these events were initially considered to be 
epileptic in origin, others later suggested that they were exag-
gerated reflex behaviors and referred to them as “brainstem 
release phenomena” or “motor automatisms” (20).

Tables 14-1 and 14-2 list the clinical characteristics 
of neonatal seizures according to a current classifica-
tion scheme (23). This scheme can be applied through 
clinical observation of the neonate. The basic classifica-

TABLE 14-1
Clinical Characteristics, Classification, and Presumed Pathophysiology of Neonatal Seizures

CLASSIFICATION CHARACTERIZATION PATHOPHYSIOLOGY

Focal clonic Repetitive, rhythmic contractions of muscle groups of the  Epileptic
  limbs, face, or trunk
 May be unifocal or multifocal
 May occur synchronously or asynchronously in muscle 
  groups on one side of the body
 May occur simultaneously, but asynchronously on both sides
 Cannot be suppressed by restraint or repositioning

Focal tonic Sustained posturing of single limbs Epileptic
 Sustained asymmetrical posturing of the trunk
 Sustained eye deviation
 Cannot be provoked by stimulation or suppressed by restraint

Generalized tonic Sustained symmetrical posturing of limbs, trunk, and neck Presumed nonepileptic
 May be flexor, extensor, or mixed flexor/extensor
 May be provoked or intensified by stimulation
 May be suppressed by restraint or repositioning

Myoclonic Random, single, rapid contractions of muscle groups of  May be epileptic or
  the limbs, face, or trunk  nonepileptic
 Typically not repetitive or may recur at a slow rate
 May be generalized, focal, or fragmentary
 May be provoked by stimulation

Spasms May be flexor, extensor, or mixed flexor/extensor Epileptic
 May occur in clusters
 Cannot be provoked by stimulation or suppressed by restraint

Motor Automatisms 

Ocular signs Random and roving eye movements or nystagmus (distinct  Presumed nonepileptic
  from tonic eye deviation)
 May be provoked or intensified by tactile stimulation

Oral-buccal-lingual Sucking, chewing, tongue protrusions Presumed nonepileptic
movements May be provoked or intensified by stimulation

Progression movements Rowing or swimming movements  Presumed nonepileptic
 Pedaling or bicycling movements of the legs
 May be provoked or intensified by stimulation
 May be suppressed by restraint or repositioning

From Mizrahi and Kellaway, 1998 (23).
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tion includes seizures characterized as focal clonic, focal 
tonic, myoclonic, spasms, generalized tonic and motor 
automatisms (also referred to as “subtle seizures”). Par-
oxysmal changes in autonomic nervous system measure-
ments have also been reported to be manifestations of 
seizures, such as alterations in heart rate, respiration, 
and blood pressure as well as flushing, salivation, and 
pupillary dilation (19, 24, 25). However, any of these 
findings occurring as isolated epileptic events are rare, 
and when they do occur, they do so most consistently 
in association with other clinical manifestations of
seizures (20).

Other classification systems are based upon the 
temporal relation of clinical events to the occurrence of 
electrical seizure activity on EEG. An “electroclinical” 
seizure occurs when the clinical event overlaps in time 
with electrographic seizure activity. A seizure is referred 
to as “clinical only” when it occurs in the absence of any 
EEG seizure activity. A seizure is referred to as electro-
graphic “only” if the electrical seizure occurs without any 
coincident clinical seizure activity (26).

Seizures may also be classified according to their 
pathophysiology: epileptic or nonepileptic in character (20). 
Some seizures may be confidently classified as “epileptic” 
in nature just by their clinical appearance: focal clonic, 
focal tonic, some types of myoclonic seizures, and spasms 
(Table 14-1). These seizure types can be recognized and 
characterized at the bedside by the visible features of 
the spontaneous event. In addition, during the event, the 
clinician can attempt to suppress the motor behavior by 
holding the affected limb; a continuation of rhythmic 
muscle contractions indicates the epileptic basis of the 
event. When EEG is available, these events occur in close 
association with EEG seizure activity, and the clinical 
event cannot be provoked by stimulation nor suppressed 
by restraint of the infant. When EEG is utilized, seizures 
characterized as electrical-only seizures are also consid-
ered, by definition, epileptic in origin.

Other behaviors, previously referred to as “subtle” sei-
zures, are best considered as nonepileptic in origin (4, 20) 
including some types of myoclonic events, generalized 
tonic posturing, and motor automatisms such as oral-
buccal-lingual movements, movements of progression, 
and some ocular signs (Table 14-1). These events occur 
in the absence of electrical seizure activity but, more 
importantly, have clinical characteristics similar to 
reflex behaviors. These clinical events can be provoked 
by stimulation of the infant. Both the provoked and 
spontaneous events can be suppressed by restraint or 
by repositioning the infant during the event. In addi-
tion, the clinical events may increase in intensity with 
the increase in the repetition rate of stimulation (tem-
poral summation) or the number of sites of simultane-
ous stimulation (spatial summation). The response can 
spread to regions of the body distant from the site of 
stimulation.

TABLE 14-2
Classification of Neonatal Seizures with 

Electroclinical Correlation

CLINICAL SEIZURES WITH A CONSISTENT ELECTROCORTICAL

SIGNATURE (PATHOPHYSIOLOGY: EPILEPTIC)

Focal clonic

Unifocal
Multifocal
Hemiconvulsive
Axial

Focal tonic

Asymmetrical truncal posturing
Limb posturing
Sustained eye deviation

Myoclonic

Generalized
Focal

Spasms

Flexor
Extensor
Mixed extensor/flexor

CLINICAL SEIZURES WITHOUT A CONSISTENT

ELECTROCORTICAL SIGNATURE (PATHOPHYSIOLOGY:
PRESUMED NONEPILEPTIC)

Myoclonic

Generalized
Focal
Fragmentary

Generalized tonic

Flexor
Extensor
Mixed extensor/flexor

Motor automatisms

Oral-buccal-lingual movements
Ocular signs (aside from sustained eye deviation)
Progression movements
Complex purposeless movements

ELECTRICAL SEIZURES WITHOUT CLINICAL SEIZURE

ACTIVITY

From Mizrahi and Kellaway, 1998 (23).
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CLINICAL NEUROPHYSIOLOGY

Electroencephalography

The application of the EEG in the evalution of a new-
born suspected of seizures differs from its application to 
older children and adults in terms of the significance of 
interictal focal abnormalities and the interpretation of 
the background activity.

Interictal EEG Findings. Although focal sharp waves 
may be present interictally in the neonatal EEG, they 
are not considered epileptiform. Some focal sharp waves 
are normal features of the neonatal EEG, such as frontal 
sharp transients and some temporal sharp waves (those 
that occur randomly, are low or moderate in voltage, 
and present in transitional or light sleep) (27). Other 
focal sharp waves are abnormal. They are persistent, 
excessively numerous, and high in amplitude; they are 
present in wakefulness and sleep; and they have complex 
morphology. Persistent focal sharp waves may suggest 
focal injury. When multifocal, such sharp waves may 
suggest diffuse dysfunction. There may also be focal 
spikes. These may suggest focal injury, such as local-
ized stroke, or may have uncertain diagnostic signifi-
cance (28). Despite the interpretation of some interictal 
focal sharp waves or spikes as abnormal, in the neonate 
they are are not usually considered direct evidence or 
confirmation that an individual has had or will have 
electrographic seizures.

The background EEG activity can provide infor-
mation concerning degree of associated central nervous 
system (CNS) dysfunction, potential risk for seizures, and 
prognosis. The degree of abnormality of the interictal 
background activity may suggest the extent and type of 
CNS dysfunction associated with seizures. The nature of 
the interictal background activity may also indicate the 
potential risk the individual infants have in experiencing 
a seizure (29). Infants with initial normal background 
activity are less likely to eventually experience electro-
graphic seizures than those with persistent diffuse back-
ground abnormalities. In addition, the extent, degree, 
evolution, and rate of resolution (if any) of background 
EEG abnormalities can suggest prognosis. An EEG with 
normal background activity recording within the first 
24 hours of life may suggest a good outcome (30), while 
EEG background activity with abnormal features that 
persist or resolve slowly suggest a poorer outcome (28).

Ictal EEG Findings. Although not clearly defined, it 
appears that electrical seizure activity in neonates is rare 
before 34–35 weeks. When recorded, the manifestations 
of electrical seizures have wide-ranging features (27, 31). 
Frequency, voltage, and morphology of the seizure dis-
charges may change within an individual seizure, between 

seizures in an individual infant or among infants. The mini-
mum duration has been designated to be 10 seconds (32), but 
the duration discharges can vary widely. Electrical events 
are typically focal and well circumscribed. They frequently 
arise from the central or centro-temporal region of one 
hemisphere and less commonly in the occipital, frontal, 
or midline central regions. Although seizures may arise 
focally and remain confined to that region, they may 
also spread to other regions. This spread may appear 
as a gradual widening of the focal area, by an abrupt 
change from a small regional focus to involvement of 
the entire hemisphere (as in a hemiconvulsive seizure) 
or by migration of the electrical seizure from one area 
of a hemisphere to another or from one hemisphere to 
another (23, 27).

There are some relatively unique ictal neonatal pat-
terns that are typically associated with severe encepha-
lopathies and accompanying abnormal background EEG. 
Seizure discharges of the depressed brain are typically low 
in voltage, long in duration, and highly localized (4). They 
may be unifocal or multifocal and show little tendency 
to spread or modulate; typically are not associated with 
clinical seizures; and occur when the EEG background is 
depressed and undifferentiated. Their presence suggest a 
poor prognosis. Alpha seizure activity is characterized by 
a sudden appearance of paroxysmal, rhythmic activity of 
the alpha frequency (8–12 Hz) typically in the temporal 
or central region and may evolve from the more typi-
cal seizure discharges or may appear de novo (33–35). 
Like seizure discharges of the depressed brain, alpha 
seizure discharges usually are not accompanied by clini-
cal events and usually indicate the presence of a severe 
encephalopathy and poor prognosis.

Video-EEG Monitoring

Video-EEG monitoring has proved to be a powerful tool 
in diagnosis and management of neonatal seizures and as 
well as in clinical research (20, 36–38). It is now becoming 
more available at many centers for routine use and more 
widely employed in neonatal intensive care units (39). 
Correlation of EEG with video can be very helpful in 
seizure characterization and classification, although 
attended EEG can also provide important clinical infor-
mation, when preformed by a well-trained electroneu-
rodiagnostic technologist who can carefully observe an 
infant’s behavior and characterize the events.

Computer-Assisted EEG Analysis 
of Neonatal Seizures

Computer-assisted analysis of EEG has been applied 
to detect and quantify electrical seizure activity in neo-
nates. Such programs have been developed and may 
provide reliable data, particularly if the recordings are 
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attended by a trained electroneurodiagnostic technician 
(ENDT) (40, 41). Amplitude integrated EEG (aEEG) or 
cerebral function monitors (CFM) have experienced a 
renewed interest (42–44). However, these techniques are 
limited in terms of their ability to provide data from all 
brain regions, low resolution, compressed time frame, 
and reliance on nonexpert health care professionals. One 
recent study reports that, using CFMs, up to 50% of 
neonatal seizures were misclassified or unrecognized (45). 
Shellhaas et al (46) examined 851 electrographic neona-
tal seizures detected in 125 conventional, full-array EEG 
recordings. A one-channel EEG (C3 ã C4) was digitally 
created to simulate the contemporary use of single-chan-
nel EEGs for seizure detection by CFMs. Although 78% 
of the seizures were visible in the single-EEG channel, 
the seizures were briefer and lower in amplitude, and 
less than half were diagnosed by aEEG based on the 
C3 ã C4 channel. On the other hand, advocates sug-
gest that the ability to monitor specific brain regions 
with aEEG for long periods may balance the restricted 
localization and other limitations (47).

ETIOLOGY

Neonatal seizures are typically a correlate of CNS 
disease. In clinical practice, these seizures prompt a 
detailed evaluation for etiology. If the etiology is iden-
tified, etiologic-specific therapy is initiated. There is a 
wide range of protential causes of neonatal seizures, 
and this, in association with the susceptibility of the 
immature brain to injury, may account for the high 
incidence of acute neonatal seizures. The list of poten-
tial etiologies is extensive (23); however, most can be 
broadly categorized as hypoxia-ischemia, metabolic dis-
turbances, CNS or systemic infections, and structural 
brain lesions. Table 14-3 (23) lists the most frequently 
identified etiologies of neonatal seizures.

Symptomatic Neonatal Seizures

Hypoxic-ischemic encephalopathy (HIE) is often cited 
as the most frequent cause of neonatal seizures. The 
diagnosis may be difficult to establish, because diag-
nostic criteria have not been uniformly accepted. In 
addition, some proposed criteria have been so restric-
tive that infants with encephalopathy may not meet 
all of them but still carry the diagnosis of “suspected 
HIE.” At other centers, clinical practice is directed 
towards identification of measures of asphyxia that 
have predictive value in the occurrence of long-term 
sequelae (48). This strategy has resulted in less restric-
tive criteria for HIE. Both approaches, however, include 
the tabulation of delivery room Apgar scores, blood 
gases, requirement for resuscitation, recognition of 

TABLE 14-3
Most Frequently Occurring Etiologies of 

Neonatal Seizures

Hypoxia-ischemia

Intracranial hemorrhage

Intracerebral
Intraventricular
Subarachnoid
Subdural

Infection, CNS

Encephalitis
Intrauterine
Meningitis

Cerebral infarction

Metabolic

Hypocalcemia
Hypoglycemia
Hypomagnesemia

Chromosomal anomalies

Congenital abnormalities of the brain

Neurodegenerative disorders

Inborn errors of metabolism

Benign neonatal convulsions

Benign familial neonatal convulsions

Drug withdrawal or intoxication

Main categories are listed in relative order of frequency (sub-
categories listed alphabetically). “Unknown” etiology is not listed, 
although encountered in approximately 10% of cases (although 
some in this category may be benign neonatal convulsions). From 
Mizrahi and Kellaway, 1998 (23).

clinical aspects of encephalopathy including seizures, 
and confirmation of multisystem involvement. There 
is also an emerging discussion of the use of computer-
assisted analysis of EEG, including aEEG, to aid in 
the staging of the severity of HIE (49), although this 
is still considered investigational.

Associated metabolic disturbances range from elec-
trolyte imbalances to inborn errors of metabolism. This 
category is important because of its potentially treatable 
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disorders such as hypocalcemia, hypomagnesemia, and 
hypoglycemia. Inborn errors of metabolism are much less 
frequent and include aminoacidurias, urea cycle defects, 
or organic acidurias. Other rare causes of medically 
refractory neonatal seizures that are potentially treatable 
include pyridoxine and biotinidase deficiency.

Bacterial and viral agents are associated with sei-
zures to such an extent that almost all neonates with 
new-onset seizures are investigated for such infection. 
Some viral infections, such as herpes simplex encephalitis, 
may be treated empirically at clinical presentation prior 
to confirmation of the diagnosis. In addition, prenatal 
toxoplasmosis, rubella, cytomegalovirus, herpes simplex, 
or other (so-called TORCH) infections can be risk factors 
for neonatal seizures.

Associated structural brain lesions include both 
acquired and congenital conditions, such as stroke or 
hemorrhage and developmental anomalies of the brain. 
Congenital brain malformations may range from highly 
localized focal dysplasias to catastrophic defects such as 
holoprosencephaly and lissencephaly.

Neonatal Epileptic Syndromes

In its Classification of Epilepsies and Epileptic Syn-
dromes, the ILAE has designated only four syndromes 
in the neonatal period (11): benign neonatal convulsions, 
benign neonatal familial convulsions, early myoclonic 
encephalopathy, and early infantile epileptic encephalopathy. 

These have been reviewed recently (50). The first two 
are associated with a relatively good prognosis and are 
discussed here, while the others suggest a poor outcome, 
have been included among the catastrophic pediatric epi-
lepsy syndromes (51) and are discussed elsewhere in this 
volume (Chapter 15) and compared in Table 14-4 (12, 
52, 53).

Benign Neonatal Convulsions. The syndrome of benign 
neonatal convulsions (BNC) has also been referred to as 
“benign idiopathic neonatal convulsions,” because of the 
lack of an identifiable etiology (54), and “fifth day fits” 
because of the timing of onset (55), and has been recently 
extensively reviewed by Plouin and Anderson (56). The 
features of this syndrome are normal interictal neonate; 
focal clonic seizures or, rarely, focal tonic seizures; no fam-
ily history of neonatal seizures; full-term gestational age; 
and a history of an uncomplicated, normal pregnancy, 
labor, and delivery. Seizure onset is usually between the 
fourth and sixth day after birth. The seizures are typically 
brief (1 to 3 minutes), although, rarely, the seizures can 
be prolonged. The seizure disorder is self-limited in that 
seizures may recur only during a 24- to 48-hour period 
after onset, although this period on rare occasion may 
also be prolonged. The clinical seizures are usually unifo-
cal clonic and may be associated with apnea. A critical 
feature for diagnosis is that no etiology for the seizures can 
be identified. In the past this disorder has been associated 
with a finding of rotavirus in stool but not in cerebro-

TABLE 14-4
Comparison of Early Myoclonic Encephalopathy (EME) and Early Infantile Epileptic Encephalopathy (EIEE).

 EME EIEE

Age of onset Neonatal period Within first 3 months
Neurologic status at onset Abnormal at birth or at seizure onset  Always abnormal even prior

 to seizure onset
Characteristic seizure type Erratic or fragmentary myoclonus Tonic spasm
Additional seizure types Massive myoclonus, simple partial  Focal motor seizures,
  seizures, hemiconvulsions,   generalized seizures
  infantile spasms (tonic)
Background EEG Suppression-burst Suppression-burst
Etiology Cryptogenic, inborn errors of  Cerebral dysgenesis, anoxia,
  metabolism, familial  cryptogenic
Natural course Progressive impairment Static impairment
Incidence of death Very high, occurring in infancy  High, occurring in infancy, 

 childhood, or adolescence
Status of survivors Vegetative state  Severe mental retardation. 

 quadriplegic, and bedridden
Long-term seizure evolution Infantile spasms  West syndrome, Lennox-

 Gastaut

Based on data from Aicardi, 1997 (52), and Ohtahara et al, 1992 (53). Reprinted from Mizrahi and Clancy, 2000 (12).
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spinal fluid (CSF) (57) and with acute zinc deficiency in 
CSF (25); these findings are now considered of doubtful 
etiologic relevance.

The ictal EEG is characterized by focal, rhythmic, 
recurrent sharp wave or spike activity that is closely cor-
related with the clinical seizures. The background EEG is 
typically normal, although it has also been reported that 
in up to 60% of neonates with this syndrome the interictal 
EEG pattern referred to as “theta pointu alternant” may 
be present (58). The background activity is discontinuous 
and nonreactive. The bursts include rhythmic (4 to 7 Hz) 
theta activity, which may be mixed with sharp waves that 
alternate between hemispheres. Although in this disorder this 
pattern has not been considered diagnostic for BNC (56). 
The theta pointu alternant EEG pattern may persist for 
up to 2 weeks after the clinical syndrome resolves.

This syndrome is a diagnosis of exclusion, since 
the initial clinical presentation may resemble infants 
with symptomatic focal clonic seizures. Thus, a thor-
ough evaluation for an etiology is conducted in order 
to identify a potentially treatable cause of seizures, even 
though the diagnosis of benign neonatal convulsions may 
be considered at the onset (56). Treatment is controver-
sial, although most frequently the seizures are treated 
with phenobarbital. Because the seizures tend to be brief 
and infrequent, it has been argued that antiepileptic drug 
(AED) therapy may not be needed. If AEDs are used, they 
are typically discontinued once the seizures subside. The 
prognosis is considered to be generally good. However, 
one group of investigators has found either transient or 
persistent psychomotor delays in affected infants (55). 
Plouin (59) found neurodevelopmental deficits at 2 years 
of age in 50% of those with this syndrome and a slightly 
higher incidence of postneonatal epilepsy (0.5% of those 
patients) than in the general population.

Benign Neonatal Familial Convulsions. This syndrome 
is characterized by early-onset focal clonic or focal tonic 
seizures in a neonate with a family history of neonatal 
seizures and with no other neurological findings (60–62). 
There is an autosomal dominant pattern of inheritance 
with incomplete penetrance with two known chromo-
somal loci: one on chromosome 20q13 (63) and one on 
chromosome 8q (64–66). Genes responsible for this dis-
order are potassium channel genes, referred to as KCNQ2 
for the chromosome 20q gene (67, 68) and KCNQ3 for 
the chromosome 8q gene (66).

The clinical seizures are best characterized as focal 
clonic or focal tonic. Seizure onset is between the first 
few days and one week of life (69), although there have 
been reports of onset as late as the second month of 
life. These various ages of onset may be developmentally 
determined, since infants who are born prematurely with 
this disorder will have seizure onset at an older chrono-
logical age than the infants born at term. The seizures may 

be brief but can recur up to 2–3 months of age, when they 
will remit spontaneously. The interictal EEG is typically 
normal, although theta pointu alternant pattern has also 
been reported. While the outcome is generally good, there 
is a higher incidence of seizures in affected infants later in 
life; ranging from 11% to 16% (58, 70). Phenobarbital 
therapy is often used with success, although some inves-
tigators use valproate as an alternative (59).

TREATMENT

With seizure onset, basic principles of medical man-
agement are initially applied to establish and maintain 
airway patency and access the circulatory system. Some 
seizures, as well as the use of some AEDs, may be associ-
ated with changes in respiration, heart rate, and blood 
pressure, and the anticipation and potential treatment of 
these associated conditions are critical to the overall care 
of neonates with seizures.

Following clinical stabilization, the assessement of 
seizure etiology and the initiation of the first phase of 
AED treatment are typically undertaken concurrently. 
Etiologic-specific therapy, if appropriate, is directed to 
treat the underlying cause of seizures and potentially limit 
associated brain injury. In addition, some seizures may not 
be controlled effectively with AEDs unless the underlying 
cause is treated—in particular, seizures associated with 
metabolic disturbances such as hypocalcemia, hypomag-
nesemia, and hypoglycemia. Additional etiologic-specific 
therapies include appropriate antiviral agents, antibiotics, 
treatments for some in-born errors of metabolism, and, 
in rare instances, surgery (71).

Initiation of AED Therapy

The decision to initiate AED therapy is based upon 
seizure type and seizure frequency and severity. Ide-
ally, only seizures of epileptic origin should be treated 
with AEDs. These include electroclinical seizures when 
clinical seizures are witnessed during EEG record-
ing. When clinical observation alone is the basis for 
management, focal clonic seizures and focal tonic 
seizures are the seizure types most clearly character-
ized as epileptic in origin. Clinical events considered 
nonepileptic in origin are generalized tonic and motor 
automatisms (those provoked by stimulation and sup-
pressed by restraint) and are typically not treated with 
AEDs. Electrical seizures without clinical events are 
also treated with AEDs.

An important, although unresolved issues, is whether 
all neonates with seizures of epileptic origin should be 
treated with AEDs, since some are brief, infrequent, and 
self-limited, presenting only as reaction to an acute CNS 
insult. It has been argued that these brief, reactive events 
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many not warrant AEDs, with potential risks of acute 
and chronic AED therapy perhaps outweighing the poten-
tial risks of the seizures themselves. On the other hand, 
epileptic seizures that are long in duration, frequent, and 
not self-limited are treated acutely and aggressively with 
AEDs. The management of seizures with features that fall 
between these two extremes represent more of a clinical 
challenge. In clinical practice, almost all neonatal epileptic 
seizures within this intermediate category receive AEDs.

Acute AED Therapy

First-line AEDs that are most frequently used and their 
dosing schedules are listed in Table 14-5 (23, 72–74), 
although comprehensive clinical trials have not estab-
lished the most effective regimen (75). The most estab-
lished strategy is acute treatment with an AED that can 
be subsequently given as maintenance therapy; most often 
this is phenobarbital, and less frequently phenytoin or 
fosphenytoin.

Phenobarbital is given as a loading dose followed by 
additional boluses titrated to response until the maximum 
tolerated dose, or serum level in the high therapeutic range, 
is reached. Boylan and colleagues prospectively assessed 
the efficacy of phenobarbital utilizing video-EEG monitor-
ing (38) and found that only 4 of 14 infants responded, 
while the remainder experienced a reduction in electro-
clinical seizures but an increase in electrical seizures.

After phenobarbital, phenytoin is the AED most 
often used as a first-line AED, now typically initiated 
with fosphenytoin because of reports of reduced adverse 
effects with acute administration (76). Phenytoin admin-
istration is increased to maximum tolerated dose or high 
therapeutic serum levels, and then a maintenance dose 
is established. Painter and colleagues (77) compared the 
effectiveness of acute administration of phenobarbital 
and phenytoin in seizure control and found no significant 

difference between the two medications. However, neither 
proved as efficacious as generally believed.

Another strategy for initial AED treatment is acute 
administration of repeated doses of short-acting benzo-
diazepines (lorazepam or midazolam) until seizures are 
controlled. Chronic AED therapy or maintenance doses 
are avoided if seizures do not recur.

Control of both the clinical and electrical seizures is 
ideal but often difficult to acheive or, on occasion, unattain-
able. Typically, the initial response of electroclinical seizures 
to acute AED therapy is characterized by control of the 
clinical seizures with the persistence of the electrical seizure 
activity, referred to as “uncoupling” (20). While additional 
dosing may eventually control the electrical seizures (78) 
there are instances in which the EEG seizures cannot be 
controlled despite increasing doses of the initial AED and 
addition of other AEDs.

In current practice, if no EEG is available and the 
clinician relies only on observation, acute AED therapy 
is given until clinical seizures are controlled. The first 
AED is given to serum levels in the high therapeutic 
range or maximum tolerated dose followed by the sec-
ond. Benzodiazepines are also given as needed. If EEG is 
utilized, the same AED strategy is followed. The AEDs 
are given to achieve high therapeutic serum levels even if 
electrical seizure discharges persist, since most are often 
resistant to further AED therapy. A second AED may be 
added to high serum levels, but if electrical seizures con-
tinue unabated, additional drugs are typically not given, 
beyond a second maintenance AED and dosing of ben-
zodiazepines, in order to avoid adverse effects without 
significant benefit.

The pharmacology of phenobarbital and phenytoin in 
the neonate is discussed elsewhere in detail (Chapters 48 
and 49). However, there it is important to emphasize that 
some pathologic conditions can alter the availability of 
active drug given at standard doses in sick neonates (79–82). 

TABLE 14-5
Dosages of First-Line and Second-Line AEDs in the Treatment of Neonatal Seizures

    AVERAGE

    THERAPEUTIC APPARENT

DRUG LOADING  MAINTENANCE RANGE HALF-LIFE

Diazepam 0.25 mg/IV (bolus)  May be repeated 1–2 times  31–54 h
 0.5 mg/kg (rectal)
Lorazepam 0.05 mg/kg (IV)   May be repeated  31–54 h
  (over 2–5 min)
Phenobarbital 20 mg/kg IV   3–4 mg/kg in 2 doses 20–40 �g/L 100 h after
  (up to 40 mg)    day 5–7
Phenytoin 20 mg/kg IV   3–4 mg/kg in 2–4 doses 15–25 �g/L 100 h (40–200)
  (over 30–45 min) 

 *Based on Fenichel, 1990 (72); Aicardi, 1994 (73); Volpe, 2001 (74). Table originally from Mizrahi and Kellaway, 1998 (23).

DOSE
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Phenobarbital is a weak acid and is protein bound. Infants 
with acidosis may have less active AED available, and 
those with hypoalbuminemia may have greater unbound 
or active drug available. Both conditions may be found 
in sick neonates. In addition, the drug is eliminated by 
the liver and kidney. Infants with impaired hepatic or 
renal function, such as those with hypoxic ischemic 
encephalopathy, may have a reduced rate of drug elimi-
nation and thus a potential for toxicity with standard 
dosing. In preterm infants, the half-life of phenobarbital 
is longer than in term infants, and in term infants it is 
reduced with chronologic age in the first month of life. 
Thus, in preterm infants there is a potential for higher 
serum levels with standard doses, and with that the 
potential for toxicity. With increasing age, there is the 
potential for established doses to result in lower serum 
levels over time, creating the potential for breakthrough 
seizures with no other change in the infant’s clinical 
condition (74, 83–85).

Important pharmacologic characteristics of phenyt-
oin require individualization of dosing after initiation 
of therapy. These include nonlinear pharmacokinetics; a 
variable rate of hepatic metabolism; a decrease in elimi-
nation rates during the first weeks of life; and a variable 
bioavailability of the drug with various generic prepara-
tions (86, 87). After initial dosing, there is a redistribution 
of the AED with a relative drop in brain concentrations 
after the first dose, which may result in breakthrough 
seizures with established doses.

Alternative and Adjuvant AED Therapy

Alternative or adjuvant AEDs fall into two categories: 
those administered in attempts to control otherwise medi-
cally refractory seizures and those used for control of 
acute seizures. The latter holds the most promise. Agents 
in both classes have been utilized either intravenously or 
orally with variable success. Those given intravenously 
and primarily as alternatives to acute therapy include: 
clonazepam (88), lidocaine (89), midazolam (90) and par-
aldehyde (not available in the United States) (91). One 
recent study reported success with continuous midazolam 
infusion in the treatment of otherwise uncontrolled 
neonatal seizures (92), although infants experienced 
treatment-related hypotension that was medically man-
aged. Midazolam is given first as a 0.15 mg/kg bolus 
followed by initial continuous infusion of 1µg/kg/min, 
titrated by 0.5 to 1 µg/kg/min increments to termina-
tion of clinical or electrical seizures or a maximal dose 
of 18 µg/kg/min. Lidocaine is another medication that has 
been the topic of renewed interest. Boylan and colleagues (93) 
reported limited success with lidocaine in refractory neo-
natal seizures. Others (94) reported that during the use of 
lidocaine (initial loading dose of 2 mg/kg over 10  min-
utes followed by a continuous infusion of 6 mg/kg per 

hour), 4.8% of infants experienced a cardiac arrhythmia 
(all responding to lidocaine discontinuation).

Other agents have been given orally to control medi-
cally refractory seizures after acute AEDs have failed include 
carbamazepine (95), primidone (96), valproate (97), vigaba-
trin (98), and lamotrigine (99). The success of this latter 
group of AEDs is difficult to assess, since they have been 
used in conjunction with other AEDs and well into the 
course of the seizure disorder.

Chronic AED Therapy

After acute seizures have been controlled, maintenance 
therapy is typically initiated. However, there are no 
well-defined criteria for maintenance AED treatment. 
When chronic therapy is considered, either phenobar-
bital or phenytoin is given in maintenance doses of 3 to 
5 mg/kg/day and serum levels are monitored. There are 
also no well-established criteria for discontinuation of 
maintenance AED therapy. Reported schedules range 
from 1 week up to 12 months after the last seizure, 
although a currently utilized and successful schedule is to 
withdraw AEDs 2 weeks after the infant’s last seizure (72). 
At some centers, an EEG is also performed at the end of 
this 2-week period to be certain there are no subclinical 
electrical seizures.

Potential Adverse Effect of AED Therapy

There has been much concern about the potential adverse 
effects of AEDs on the developing brain. These have included 
alteration in cell growth and energy substrate utilization,
although the applicability of these findings to humans has 
been called into question. There have been few stud-
ies of clinically significant adverse effects of acute AED 
therapy. However, vigorous acute AED administration 
can result in CNS depression, hypotension, bradycardia, 
and respiratory depression. Any of these clinical events 
represent risk for secondary CNS hypoxia or ischemia. 
More recently, Ikonomidou and colleagues (100) assessed 
the effect of phenytoin, phenobarbital, diazepam, clon-
azepam, vigabatrin, and valproate on apoptotic neu-
rodegeneration in the developing rat brain in plasma 
concentrations relevant for seizure control in humans. 
The basis of their study was the consideration that AEDs’ 
mechanisms of action are also those essential for the 
endogenous neuroprotective system crucial for neuro-
nal survival during development. Thus, they suggested 
that these vital mechanisms would be blocked by AEDs 
and have an adverse effect on development. However, 
it is unclear whether these results can be extrapolated 
to the human. In addition, recent data from the same 
group show that another AED, topiramate, lacks the 
toxicity seen with some of the other drugs mentioned 
above (101).
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PROGNOSIS

In general, the long-term outcome of neonates with sei-
zures is predominantly determined by the etiology under-
lying seizure onset, although the relative contribution, 
if any, of adverse effects of seizures and of AEDs on the 
developing brain has not been definitively determined.

Early investigators suggested that, even though the 
immature brain was more likely to develop seizures in 
response to injury than the more mature brain, either the 
immature brain was more resistant to seizure-induced 
injury or any seizure-related alterations were either tran-
sient or not clinically significant. More recent data sug-
gests otherwise: Seizures in early life may result in perma-
nent anatomical and functional alterations and enhanced 
epileptogenicity (102–105). A number of mechanisms of 
seizure-induced injury have been investigated, includ-
ing direct neuronal injury; the so-called “double-hit” 
mechanism of enhanced vulnerability to a second injury 
after seizures; aberrant cell growth or reorganization of 
circuitry (104, 106); or the interference of fiber tracts 
projections during development (102, 107).

Recent findings indicate that seizures in immature 
animals do not, in the immediate postseizure period, 
result in significant alterations of learning, memory, or 
activity levels. However, animals exposed to seizures 
early in life have demonstrated impairments and altera-
tions in learning and behavior later in life in comparison 
to those exposed to seizures when mature (108–110).
Adverse effects of seizures are more apparent when ani-
mals exposed to prolonged seizures early in life are then 
exposed to seizures when mature (111, 112). Holmes 
and colleagues (102, 113) indicate that prolonged sei-
zures in immature animals result in minimal behavioral 
consequences when the animals are studied later in life 
and are associated with minimal morphological changes. 
However, such early-onset seizures result in changes in the 
brain that make it more vulnerable to the development 
of cognitive impairment when animals are exposed to 
post-neonatal seizure.

Clinical studies describe the outcome of infants with 
neonatal seizures in terms of survival, neurological dis-
ability, developmental delay, and postneonatal epilepsy. 
Ortibus and colleagues (114) reported that 28% of those 
with neonatal seizures died, 22% of survivors were neu-
rologically normal at an average of 17 months of age, 
14% had mild abnormalities, and 36% had severe abnor-
malities. In a prospective study of full-term infants 2 years 
following neonatal seizures, Mizrahi and colleagues (115) 
found that 28% died, and in survivors 42.7% had abnor-
mal neurological examinations, 55.2% had Bayley Devel-
opmental Assessment of Mental Development Index less 
than 80, 49.6% had a Bayley Developmental Assessment 
of Psychomotor Developmental Index less that 80, and 
26% had postneonatal epilepsy (115). Brunquell and 

colleagues (116) found that 30% of those with neonatal 
seizures died and 59% of survivors had abnormal neuro-
logical examinations, 40% were mentally retarded, 43% 
had cerebral palsy, and 21% had postneonatal epilepsy 
after a follow-up to a mean of 3.5 years. Most recently, 
Tekgul et al (117), describing a selected population, found 
that 7% of neonates who had experienced seizures died 
and, of the survivors, 28% had a poor outcome.

Ellenberg and colleagues (118) studied postneonatal 
epilepsy in more detail. Postneonatal epilepsy occurred 
in approximately 20% of survivors of neonatal seizures 
studied; nearly two thirds of post-neonatal seizures occurred 
within the first 6 months of life (118). Similar rates of post-
neonatal epilesy were found by Scher and colleagues (8), 
17-30%; Ortibus and colleagues (114), 28%; Bye and 
colleagues (36), 21%; Mizrahi and colleagues (115), 
26%; Brunquell et al (116), 21%; and, most recently 
Da Silva et al (119), 22% at 12-month follow-up and 
33.8% within 48 months. Clancy and Legido (120) found 
a much higher (56%) rate of postneonatal epilepsy in a 
population skewed toward severe brain injury.

Some clinical factors that may influence outcome 
may include seizure duration or severity and seizure type. 
Some infants who experience brief and infrequent sei-
zures may have relatively good long-term outcomes, while 
those with prolonged seizures may not do as well. Eas-
ily controlled seizures or self-limited seizures may be the 
result of transient or more benign CNS disorders, whereas 
medically refractory neonatal seizures may be the result 
of more sustained, refractory, or more severe brain disor-
ders. On the other hand, a relationship has been shown in 
infants with perinatal asphyxia between a greater amount 
of electrographic seizure activity and subsequent relative 
increased mortality and morbidity (121). Other investiga-
tors, utilizing proton magnetic resonance spectroscopy in 
neonates, found an association between seizure severity 
and impaired cerebral metabolism measured (122).

However, the dominant variable that predicts neu-
rodevelopmental outcome may be the underlying cause 
of the seizures rather than the presence, duration or 
degree of brain involvement of the seizures themselves. 
Mizrahi and Kellaway (23) analyzed a number of clini-
cal studies indicating that normal outcomes occurred 
with increasing frequency in association with the fol-
lowing etiologies: HIE, infection, hemorrhage, hypogly-
cemia and hypocalcemia. In discussing prognosis, Volpe 
emphasized the clinical factors of gestational age and 
etiology on outcome and found that mortality increased 
with the greater degree of prematurity and that spe-
cific etiologies were associated with varying degrees of 
developmental delay. Most recently, Tekgul et al (117)
suggested that seizure etiology and background EEG 
patterns—themselves markers of the degree and dis-
tribution of brain injury—remain powerful prognostic 
factors.
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It has been suggested that clinical seizure type may 
also predict outcome (20), also most likely as a reflection 
of etiology or the degree of associated brain dysfunc-
tion at the onset of seizures. Focal clonic and focal tonic 
seizures were associated with a relatively good outcome, 
primarily because these seizure types are typically associ-
ated with relatively confined, nondiffuse brain injury and 
significant spared CNS function. Generalized tonic pos-
turing and motor automatisms where associated with a 
poor outcome, since they are associated with diffuse CNS 
dysfunction. Recently Brunquell and colleagues (116) 
demonstrated similar findings in long-term studies.

In multivariate analyses, predictors of outcome have 
included features of the interictal EEG from one or serial 
recordings, the ictal EEG, the neurological examination 
at the time of seizures, the character or duration of the 
seizures, etiology, findings on neuroimaging, conceptional 
age, and birth weight. Multiple rather than single fac-
tors appear to be most accurate in predicting outcome. 
Ortibus and colleagues (114) found that the predicted 

outcome is less reliable when based solely on EEG vari-
ables from a single recording obtained at seizure onset 
than when based on a combination of imaging findings 
and clinical and EEG data. Pisani and colleagues (123) 
also considered several different independent variables 
and found the character of the EEG background activ-
ity is predictive of developmental outcome. However, in 
these studies all variables related to a single factor—the 
degree of brain injury at the time of seizure occurrence—
and this, in turn, is related to etiology.
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Severe Encephalopathic 
Epilepsy in Early Infancy

rom the neonatal to the early 
infantile periods, seizures are rela-
tively rare, compared with other 
periods of childhood, because 

of the structural and biochemical immaturity of the 
brain, which may regulate the seizure susceptibility 
or threshold. Only a few epileptic syndromes have 
their onset during these periods, and most of them 
are severe epilepsies (1). Peculiar representatives are 
early-infantile epileptic encephalopathy with sup-
pression bursts or Ohtahara syndrome (OS) (2) and 
early myoclonic encephalopathy (EME) (2, 3). Both 
syndromes are classified as symptomatic general-
ized epilepsies with nonspecific etiology according to 
the present international classification (1), and are 
designated as epileptic encephalopathies in a newly 
proposed diagnostic scheme of International League 
Against Epilepsy (ILAE) classification (4). They could 
be inclusively called “early infantile epileptic syn-
dromes with suppression-burst” or “severe neonatal 
epilepsies with suppression-burst pattern” (3) because 
of shared common characteristics: very early onset 
with frequent minor seizures and suppression-burst 
(S-B) pattern on the electroencephalogram (EEG).

Shunsuke Ohtahara
Yasuko Yamatogi

EARLY-INFANTILE EPILEPTIC 
ENCEPHALOPATHY WITH SUPPRESSION 

BURSTS OR OHTAHARA SYNDROME

Ohtahara syndrome was first described by Ohtahara and 
coworkers in 1976 (5) as the earliest form of an age-
dependent epileptic encephalopathy, and it is character-
ized by frequent tonic spasms of early onset within the 
first few months of life and a S-B EEG pattern (6–8). Its 
evolutional change with age is specific (2, 3, 6, 9–12). The 
seizures are refractory to medications and the prognosis 
for neurological development is very poor.

The age-dependent epileptic encephalopathy 
includes OS, West syndrome (WS), and Lennox-Gastaut 
syndrome (LGS). Although each of these syndromes is 
an independent electroclinical entity with its own special 
features, they have the following common characteristics 
(5–9, 12, 13):

 1. Onset during a specific period of life
 2. Peculiar types of frequent, minor generalized 

seizures
 3. Severe and continuous massive epileptic EEG 

abnormality

F
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 4. Heterogeneous cause
 5. Frequent association with mental defect
 6. Therapy resistance and grave prognosis

Furthermore, transition is often observed over 
time among patients with these syndromes. A consider-
able number of OS cases evolve into West syndrome and 
from West to Lennox-Gastaut syndrome in their clinical 
course (9–12). Because of these common characteristics and 
mutual transition with age, the inclusive term age-dependent 
epileptic encephalopathy has been applied to this group of 
syndromes (7, 13). “Epileptic encephalopathy” was applied 
to them according to the following four characteristics: (1) 
the presence of serious underlying disorders, (2) extremely 
frequent seizures, (3) continuously and diffusely appearing 
marked epileptic abnormality on EEG, and (4) mental deteri-
oration often manifesting with the persistence of seizures.

As the electroclinical features specific to each syndrome 
appear on the basis of many causes commonly observed in 
the three syndromes, the age factor should be considered 
as the determinant for the manifestation of their individual 
characteristics. These syndromes, therefore, may be the age-
specific epileptic reaction, at a special developmental stage, 
to various nonspecific exogenous brain insults.

Epidemiology

Several dozens of cases of OS have been reported, but 
its incidence is rare compared with those of West and 
Lennox-Gastaut syndromes. An epidemiological study 
on childhood epilepsy carried out in Okayama, Japan, 
in 1980, detected one case of OS (0.04%) and four cases 
of EME (0.17%) among 2,378 epileptic children younger 
than 10 years of age (14). Compared to the 40 cases 
(1.68%) of WS observed in the same study, the preva-
lence of OS and EME is low. Similarly, Kramer et al (15) 
described one case of OS (0.2%) and 40 cases of WS 
(9.1%) in a cohort of 440 consecutive children with epi-
lepsy under 15 years of age in Tel Aviv, Israel. Thus, the 
relative prevalences of OS and EME to WS may be 1:40 
or less and 1:10 or less, respectively.

No obvious sex difference has been observed in 
either syndrome.

Clinical Manifestations

The onset of seizures is very early and is confined to the 
first 2 or 3 months after birth, mainly the first month. The 
main seizure type is tonic spasms with or without cluster-
ing. The duration of each tonic spasm is up to 10 seconds. 
One cluster consists of 10 to 40 spasms, at intervals of 
5 to 15 seconds. These epileptic spasms occur not only in 
waking states but also during sleep states in most cases. 
Daily seizure frequency is very high, ranging from 100 
to 300 isolated spasms or 10 to 20 series in those with 

clustering spasms. In addition to tonic spasms, partial 
seizures such as erratic focal motor seizures and hemi-
convulsions are observed in about one-third of the cases. 
In contrast to EME, myoclonic seizures or myoclonia are 
rarely observed (2, 6).

EEG Findings

The most characteristic feature is the S-B pattern, which 
is persistently observed regardless of the circadian cycle 
(Figure 15-1). This is a diagnostically most important 
and indispensable finding. The S-B pattern is charac-
terized by high-voltage bursts alternating with nearly 
flat patterns at an approximately regular rate. Bursts of 
1 to 3 seconds’ duration comprise 150 to 350 �V high-
voltage slow waves intermixed with multifocal spikes. 
Duration of the suppression phase is 3 to 5 seconds. 
The burst-burst interval, measured from onset to onset 
of the bursts, ranges from 5 to 10 seconds. Presumably 
reflecting the underlying organic brain lesion, some 
asymmetry in S-B occurs in about two-thirds of cases, 
but no remarkable asynchrony is found except for the 
case of Aicardi syndrome (16).

The ictal EEG of tonic spasms shows principally a 
desynchronization with or without evident, sometimes 
remarkable, initial rapid activity (6, 11). A low-voltage 
fast activity is also often observed. Tonic spasms appear 
concomitant with bursts. Partial seizures usually originate 
in some fixed foci and are followed by tonic spasms in 
series, or sometimes they follow them.

Other Investigations

Brain imaging such as computed tomography (CT) and 
magnetic resonance imaging (MRI) reveal structural 
abnormalities, notably asymmetric lesions even at the 
early stage of seizure onset in most cases. Progressive 
brain atrophy is often suspected with seizure persistence, 
particularly in infancy. No abnormalities are found in 
routine laboratory examinations of blood, urine, cere-
brospinal fluid, bone marrow, and liver functions, or 
in metabolic studies including amino acids, lysosomal 
enzymes, pyruvate and lactate, and organic acids, or in 
immunological and virological examinations.

Etiology

Although the causes of OS are heterogeneous, obvious 
brain lesions including brain malformations are often 
found. Porencephaly, Aicardi syndrome (3, 16), hemimega-
lencephaly (17–19), olivary-dentate dysplasia (20, 21), 
lissencephaly, linear sebaceous nevus (22), Leigh encepha-
lopathy (23), and subacute diffuse encephalopathy (3) 
have all been associated with the syndrome. In a few cases 
no cause has been identified, and these are labeled cryp-
togenic (3). But cryptogenic cases may have undetectable 
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Interictal EEG (Ohtahara syndrome). Two-month-old boy. High-voltage bursts and almost flat suppressions alternately repeat 
continuously and consistently throughout the waking (upper) and sleeping (lower) states. The horizontal calibration mark, 
1 second; the vertical one, 50 �V.
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microdysgenesis or migrational disorders that cause the 
progressive atrophy during follow-up (6). Postmortem 
pathologic examination has sometimes disclosed signifi-
cant abnormalities in cases with no evident abnormali-
ties on neuroimaging (18). Metabolic disorder was not 
reported except in rare cases of cytochrome c oxidase 
deficiency or Leigh encephalopathy (3).

Treatment and Prognosis

Seizures are intractable. Natural or synthetic adrenocor-
ticotropic hormone (ACTH) therapy is partially effec-
tive in only a few cases (6). Clobazam, acetazolamide, 
vitamin B6, valproate, vigabatrin, and zonisamide are 
recommended to be tried (6). Successful resection of 
focal cortical dysplasia is reported (24, 25). Although 
seizures possibly subside by school age in about half 
of the cases, developmental and life prognoses are very 
poor. All those who survive are severely handicapped, 
both mentally and physically. Mortality is high, espe-
cially in the early stage of the disease (6).

EARLY MYOCLONIC ENCEPHALOPATHY

Early myoclonic encephalopathy is a rare epileptic syn-
drome of very early onset with frequent myoclonias and 
partial seizures, and S-B in the EEG. It was first described 
by Aicardi and Goutières (26) in 1978.

Clinical Manifestations

The onset of seizures is in the first 3 months of life, 
mostly during the neonatal period. The cardinal seizures 
are myoclonias, which are mostly fragmentary. Frequent 
erratic partial seizures, massive myoclonias, and tonic 
spasms are also seen. Among these types of seizures, frag-
mentary myoclonias are the essential symptom in EME 
and the initial seizure type in most cases (2–3, 26). They 
may occur within the first several hours of life or perhaps 
even prenatally (27).

Such myoclonias are characterized by only a slight 
twitching of the distal ends of the extremities, eyelids, and 
corners of the mouth, and are sometimes too subtle to be 
detected without careful observation. The frequency of 
these myoclonias varies greatly from several times a day 
to several dozen times a minute. The ictal EEG usually 
shows no consistent change with myoclonia, although 
some myoclonias coincidentally occur with bursts (2, 28). 
This suggests that myoclonias in EME are mainly of a 
nonepileptic type.

Throughout the course of the syndrome, the main 
seizure types are partial seizures; those include complex 
partial seizures with eye deviation or autonomic symp-
toms such as apnea and facial flushing, clonic seizures 

of various parts of the body, and asymmetric tonic pos-
turing with or without generalization. Partial seizures 
simultaneously associated with erratic myoclonias are 
particularly characteristic of this syndrome (2, 3, 29). 
Partial seizures have a tendency to cluster in the early 
stage. They are seen during both waking and sleep states. 
The frequency of partial seizures is remarkably high, 
ranging from 7 to 8 times to 30 to 100 times a day, but 
decreases with age.

Tonic spasms are also often observed, but mas-
sive myoclonias and tonic spasms are not necessarily 
observed in all cases. Cases with tonic spasms are con-
sidered WS when tonic spasms appear at 3 to 4 months 
of age. The period of WS is, however, transient, and the 
EME state recurs and persists for a long period there-
after (28, 30). Tonic spasms are usually seen during 
both waking and sleeping states and appear either in 
series or in isolation. Tonic spasms in series sometime 
appear following a partial seizure, but a partial seizure 
may appear just after tonic spasms in other occasions 
or infants.

EEG Findings

Interictal EEG of EME is also characterized by a S-B 
pattern with bursts lasting 1 to 5 seconds and nearly flat 
periods of 3 to 10 seconds. This pattern becomes more 
distinct during sleep and more pronounced as sleep deep-
ens (28, 29) (Figure 15–2).

The S-B pattern tends to be replaced by atypical 
hypsarrhythmia or by multifocal paroxysms after 3 to 
5 months of age. In most cases, however, the appear-
ance of atypical hypsarrhythmia is transient, lasting up 
to 2 years 6 months of age at the latest (28, 30), after 
which the S-B pattern returns again and persists for a long 
period thereafter (28, 30). In addition to the S-B pattern, 
multifocal spikes persist throughout the clinical course. 
The location of spike foci varies in every case and is not 
consistent in a given patient.

With the ictal EEG of partial seizures, various pat-
terns of focal onset, such as fast activity, alpha or theta 
patterns, rhythmic sharp waves, and irregular spike 
waves, are observed, usually from two or more sites with 
migration in each individual case (2, 28–31). Ictal EEG 
of tonic spasms shows desynchronization, which appears 
concomitant with bursts. Myoclonic seizures also occur 
during bursts (31, 32).

Other Investigations

Neuroimaging is often normal at the onset, but 
progressive cortical and periventricular atrophies are 
observed in some cases (2–3, 29). Abnormalities are 
often detected from 3 to 10 months of age, that is, 3 to 
8 months after the onset. Diffuse cortical atrophy is noted 
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Intterictal EEG (early myoclonic encephalopathy). Six-month-old girl. Mutifocal spikes are noted frequently in the 
disorganized background activity in the waking record (upper), but suppression-burst pattern is apparent in the sleeping 
record (lower).
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in all, with associated ventricular dilatation in some cases, 
but focal abnormalities are exceptional.

Etiology

The most striking feature of this disorder is the high inci-
dence of familial cases as found in 4 of 12 families in the 
series of Aicardi and Ohtahara (3) and 2 of 8 families in the 
series of Dalla Bernardina et al (29). This suggests the etio-
logic participation of some kinds of genetic and congenital 
metabolic errors in many cases. Nonketotic hyperglycinemia 
(32–34), propionic acidemia, methylmalonic acidemia, and 
D-glyceric acidemia, carbamyl-phosphate synthetase defi-
ciency (34), pyridoxine-dependency, molybdenum cofactor 
deficiency, Menkes disease (3, 35), and Zellweger syndrome 
(36) have been reported to be associated with EME. In many 
cases; however, the cause remains unknown.

Treatment and Prognoses

None of the conventional antiepileptic drugs, ACTH, 
corticosteroids, or pyridoxine has been effective, except-
ing pyridoxine-dependency (3). Both partial seizures and 
myoclonias, however, decrease gradually with age. EME 
has an extremely poor prognosis including a high mortal-
ity, with death usually occurring before 2 years of age. 
Survivors have persistent partial seizures and progressive 
psychomotor deterioration to a vegetative state (3, 29).

DEVELOPMENTAL ASPECTS

Compared to EME, the remarkable characteristic of OS 
is its age-dependent evolutional change. It develops from 
OS to WS in middle infancy, particularly during 3 to 
6 months of age, in many cases, and further from WS to 
LGS in early childhood, at 1 to 3 years of age, in some 
cases (12, 30).

The EEG also evolves from the S-B pattern to 
hypsarrhythmia in many cases at around 3 to 6 months 
of age, and further from hypsarrhythmia to diffuse slow 
spike-waves in some cases at around 1 year of age (9,12). 
Some cases evolve further to the severe epilepsy with 
multiple independent spike foci (37).

Concerning the changing process of S-B pattern 
in OS, its transition to hypsarrhythmia starts with a 
gradual increase in the amplitude of the suppression 
phase. Disappearance of the S-B pattern in waking 
precedes that in sleep, and S-B remains in the sleep-
ing EEG even after the waking EEG has already trans-
formed to hypsarrhythmia. In the course of evolution 
from  hypsarrhythmia to diffuse slow spike-waves, the 
change in the waking EEG is followed by the change in 
the sleep EEG. Thus, the evolution from a S-B pattern to 
hypsarrhythmia and further to diffuse slow spike-waves

proceeds in a close relation with the waking and sleeping 
cycle (2, 9, 12, 30). The timing of transition among the 
three epileptic syndromes and EEG patterns is specific; 
evolving syndromes and EEG patterns appear at char-
acteristic ages.

EME, however, manifests no fundamental change in 
the electroclinical feature throughout its course, except 
for the EEG change from suppression-burst or burst-sup-
pression pattern to a disorganized pattern with frequent 
multifocal spikes that occur within several months of 
life (3, 26, 29) and transient manifestation of WS and 
hypsarrhythmia in some cases (28, 30).

DIFFERENTIAL DIAGNOSIS

Differential Diagnosis between OS and WS

The age of onset of the two syndromes is different: OS 
appears from the neonatal to early infantile periods and 
WS in middle infancy. Although the main seizure type 
is tonic spasms in both syndromes, tonic spasms in OS 
appear not only while awake but also during sleep, and 
not only in clusters. Partial seizures also occur in some 
OS cases but are rare in WS. Most cases with OS have 
severe cortical pathology, often displaying asymmetric 
lesions on neuroimaging.

The EEG discriminates the S-B pattern in OS from 
hypsarrhythmia in WS. The S-B pattern differs from the 
periodic type of hypsarrhythmia in which periodicity 
becomes evident only during sleep.

Seizures are more intractable in OS, and ACTH ther-
apy is usually not effective. Furthermore, children with OS 
have less favorable prognoses than those with WS.

Differential Diagnosis between EME and OS

As EME and OS have common clinical and electrical 
characteristics such as early onset within a few months 
of life and the S-B pattern on EEG, differentiation may be 
difficult (28, 30). The main seizure type is tonic spasms, 
and myoclonias are rarely seen in OS. In contrast, myo-
clonias, especially erratic myoclonias, and frequent par-
tial seizures predominate in EME (28, 30).

Electroencephalographically, the S-B pattern is a 
common feature of both syndromes, but its relation 
to the circadian cycle and age of its appearance and 
disappearance differ considerably. The S-B pattern in 
OS is characterized by consistent appearance during 
both waking and sleeping states, whereas in EME it is 
enhanced by sleep and often not manifest in the waking 
state. Concerning the duration of appearance, the S-B 
pattern appears at the beginning of the disease and dis-
appears within the first 6 months of life in OS, whereas 
in EME, it becomes distinct at 1 to 5 months of age 
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in some cases and characteristically persists for a long 
period (28, 30).

The evolution of the EEG abnormalities during the 
clinical course is a characteristic feature of OS: from the 
S-B pattern to hypsarrhythmia in many cases and fur-
ther from hypsarrhythmia to diffuse slow spike-waves 
in some cases (2, 11, 12, 30). In EME, the S-B pattern 
persists for a long time, although atypical hypsarrhythmia 
appears transiently in some cases. Therefore, the age-
related evolutional pattern differs considerably between 
OS and EME (30).

Regarding epileptic syndromes, OS shows a charac-
teristic evolution as the earliest form of the age-dependent 

epileptic encephalopathy, whereas EME has no specific 
evolution with age (28, 30).

Etiologically, OS is usually based on evident organic 
brain lesions including brain malformations. Neuroim-
aging demonstrates abnormal findings even at the early 
stage. No familial cases have been reported in OS. In 
contrast, the frequent incidence of familial cases suggests 
some undetermined inborn metabolic disorders as the 
cause in many cases of EME.

The differences between OS and EME indicate that 
they are independent electroclinical entities (30). Effi-
ciency of the developmental study should be stressed to 
clearly delineate both syndromes.
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Severe Encephalopathic 
Epilepsy in Infants: 
Infantile Spasms 
(West Syndrome)

INTRODUCTION AND DEFINITION

Infantile spasms (West syndrome) is a unique disorder 
that is peculiar to infancy and early childhood. More than 
75 different names have been applied to the disorder (1), 
including massive spasms, flexion spasms, jackknife sei-
zures, infantile myoclonic seizures, and the like, and they 
have been recognized as an epileptic phenomenon since 
they were first described by William West in 1841 (2). 
Approximately 100 years later, Gibbs and Gibbs (3) 
described the interictal electroencephalogram (EEG) pat-
tern, hypsarrhythmia, which was noted to occur in a large 
number of patients with infantile spasms. Most patients 
with infantile spasms have some degree of mental and 
developmental retardation. In 1958, the first therapeu-
tic breakthrough was reported by Sorel and Dusaucy-
Bauloye (4), who observed improvement in EEGs and 
amelioration of spasms in patients treated with adreno-
corticotropic hormone (ACTH).

A considerable amount of literature pertaining 
to this disorder has accumulated over the past several 
decades. However, classifications and clinical descriptions 
of the seizures, based largely on routine bedside observa-
tions, have been highly variable, and this lack of unifor-
mity has led to considerable confusion and controversy. 
Our understanding of the clinical manifestations of this 
disorder was greatly increased by the development of 
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long-term polygraphic-video monitoring techniques in 
the 1970s (5). These techniques also provided objective 
means of evaluating the acute effects of therapy on seizure 
frequency and the EEG. The introduction of computed 
tomography (CT), magnetic resonance imaging (MRI), 
and positron emission tomography (PET) scanning in the 
1970s and 1980s greatly increased our understanding of 
associated brain abnormalities seen in these patients. Such 
information has not only been helpful in the classification 
of patients (symptomatic versus cryptogenic) but has also 
aided our understanding of the possible pathophysiologi-
cal mechanism(s) underlying this condition.

In this chapter, we briefly describe the clinical and 
EEG features of infantile spasms and review some of the 
more controversial and as yet unresolved issues, including 
therapy and pathophysiology.

EPIDEMIOLOGY

Although the reported incidence of infantile spasms has 
ranged from 0.05 to 0.60 per 1,000 live births, the aver-
age incidence of this disorder is approximately 0.31 per 
1,000 live births (1 in 3,225 live births) (1, 6). Spasm 
onset is usually within the first 4 to 8 months of life with 
a peak at 6 months. Most cases occur before 3 years of 
age. Although several studies have reported that infantile 

16
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spasms occur more commonly in males, there is no 
clear evidence of a preponderance of one sex over the 
other (1).

The information concerning the familial occurrence of 
infantile spasms is limited. The percentage of patients who 
have a family member with infantile spasms has ranged 
from none to 7% (7–9). The percentage of cases having a 
positive family history for any type of epilepsy has ranged 
from none to 33% (7, 10–14). A major problem with 
most of these studies is that the authors do not provide 
comparable data for normal subjects.

CLINICAL MANIFESTATIONS

Description of Spasms

The motor spasm typically consists of a brief, bilater-
ally symmetrical contraction of the muscles of the neck, 
trunk, and extremities. This muscle activity is typically 
characterized by an initial phasic contraction lasting 
less than 2 seconds, which may be followed by a less 
intense, but more sustained, tonic contraction lasting up 
to 10 seconds in duration. The exact character of the 
seizure depends on whether the flexor or extensor muscles 
are predominantly affected and on the distribution of the 
muscle groups involved (5, 15). The position of the body 
(e.g., supine versus sitting) usually influences the type of 
spasm. The intensity of the spasm may vary from a mas-
sive contraction of all flexor muscles, resulting in a jack-
knife at the waist, to a minimal contraction of muscles 
such as the abdominal recti.

Three main types of motor spasm have been identi-
fied: flexor, extensor, and mixed flexor-extensor. In our 
polygraphic-video monitoring experience, mixed spasms 
were the most frequent (approximately 42%), followed 
by flexor spasms (approximately 34%), and extensor 
spasms were the least common (approximately 25%). 
Asymmetrical spasms were rare (less than 1%). Periods 
of attenuated responsiveness, which have been termed 
arrest phenomena, may occur following a motor spasm or 
may occur independently. Most infants with this disorder 
have more than one type of spasm (15, 16).

A variety of clinical phenomena have been reported 
to occur in association with the motor spasms. These 
include autonomic changes (heart rate alterations, cya-
nosis, pallor, sweating, and flushing), respiratory rate 
changes, vocalizations (crying, laughter, and grunting 
sounds), hiccups, smiling, grimacing, tongue and mouth 
movements, and ocular events (eye deviation, nystagmus, 
eye opening or closing, pupillary dilation, and tearing).

Monitoring studies have shown that there is little 
variation in the number of spasms recorded from the 
same patient in consecutive 24-hour monitoring periods; 
however, there is a marked variation in spasm frequency 

when patients are monitored at 2-week intervals (17). 
The number of spasms recorded during 24-hour periods 
has ranged from a handful to several hundred in different 
patients (15, 16).

Approximately the same number of spasms occurs 
during the day as at night; however, the spasms rarely 
occur when the infant is actually asleep (less than 3%) 
(18–20). Instead, they frequently occur immediately 
upon, or soon after, arousal (10, 12, 15, 16, 21, 22). 
The spasms are not precipitated by feeding or photic 
stimulation but may occasionally be elicited by tactile 
stimulation or unexpected loud noises, although this is 
uncommon (15).

Although spasms may occur in an isolated fashion, 
they frequently occur in clusters, with clusters being 
reported in 47% to 84% of cases (13, 15, 16, 20, 23). 
In the series reported by Kellaway et al (15), the number 
of spasms per cluster varied from 2 to 138. Succession 
rates of up to 15 spasms per minute were recorded, and 
the intensity of the motor spasms within a cluster would 
usually wax and then wane.

Spontaneous Remission

The phenomenon of spontaneous remission of infantile 
spasms is poorly understood. Published data concerning 
the duration of this disorder have been infrequent and 
imprecise. In 1973, Jeavons and coworkers (24) reported 
that 28% of patients were free of spasms by 1 year of 
age, 49% before age 2, 65% before age 3, and 74% by 
age 4. Unfortunately, some of their patients had been 
treated with steroids, and EEG findings were not pre-
sented. To further investigate spontaneous remission in 
this disorder, we retrospectively studied 44 patients who 
had not been treated with hormonal drugs (25). Our 
results indicated that spontaneous remission of spasms 
and disappearance of the hypsarrhythmic EEG pattern 
can begin within 1 month of the onset of this disorder and 
that 25% of patients with infantile spasms experience 
spontaneous remission within 1 year.

Spontaneous remission in two consecutively identi-
fied patients with infantile spasms being evaluated for 
possible admission to a trial of ACTH therapy is illus-
trated in Figures 16-1 and 16-2. This phenomenon must 
always be remembered when interpreting results of any 
therapeutic trial in this disorder and must also be con-
sidered in discussing possible pathophysiological mecha-
nisms underlying infantile spasms.

Coupling of Spasms with Other Seizures

The coexistence of partial seizures and spasms in patients 
with infantile spasms has been recognized for many years 
(10, 12, 14, 26–28). Partial seizures may appear before 
the onset of spasms, concurrently with spasms, or after 
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spasms have ceased, either spontaneously or following 
treatment. Recently, there has been increased interest 
in the observation that in some patients with infantile 
spasms focal electrical seizure discharges (FS) may be 
tightly coupled with spasms. Our group first described 
this association in 1984 (29), and since that time several 
additional reports of this phenomenon in small groups of 
patients have appeared (30–35). Although this is an inter-
esting phenomenon, its significance remains uncertain. 
These observations have been used by some investigators 
to support the hypothesis that infantile spasms occur as a 
result of an interaction between a primary cortical genera-
tor and subcortical structures (see subsequent section). To 
further investigate the significance of the temporal cou-
pling of FS and spasms, we analyzed the video-EEG stud-
ies performed on 96 consecutive patients newly diagnosed 
with infantile spasms and hypsarrhythmic EEGs (36). 
Ten of these patients also demonstrated FS; however, in 
only five patients was there an apparent coupling of FS 
with spasms. More importantly, in only three patients 
(3% of the entire population) was the observed coupling 

statistically significant. Three different couplings were 
documented: FS could precede a cluster of spasms, could 
occur during a cluster of spasms, or could follow a cluster 
of spasms. FS always arose independently from various 
sites in a given patient, and in some patients coupling of 
spasms and FS always occurred on arousal from sleep.

Our conclusion from this study is that coupling of 
FS and spasms at the time of diagnosis of infantile spasms 
occurs only rarely. We believe there are several possible 
explanations for this coupling phenomenon. In some 
instances, apparent coupling may best be explained by 
random coincidence. A second possibility is that FS may 
facilitate or induce the appearance of spasms (or vice 
versa), as has been the major explanation suggested by 
others. Finally, the coupling of spasms and FS may result 
from the effect of some “critical factor” that simultane-
ously affects the seizure thresholds of the neuronal sys-
tems involved in the generation of both seizure types. This 
final hypothesis assumes that in the presence of the critical 
factor, the seizure thresholds for FS and epileptic spasms 
are concurrently altered, resulting in the simultaneous or 

FIGURE 16-1

Spontaneous remission in a 7-month-old girl with cryptogenic infantile spasms. ACTH was not initiated in this patient because 
of a concurrent infection. Representative samples of the awake and NREM-sleep EEG selected from 18-channel-24-hour poly-
graphic-video monitoring records. (A) Recording at the time of diagnosis shows hypsarrhythmia. Spasms were recorded. (B)
Repeat study 3 weeks later showing normal activity awake and during NREM sleep. Awake sample shown was taken with the 
patient’s eyes open (eyes-closed recording revealed a well-defined occipital rhythm of 5–5.5 Hz). No spasms were recorded 
during the 24-hour monitoring study.
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near simultaneous occurrence of both seizure types. In 
some of our patients the critical factor appeared to be the 
arousal mechanism, a known potent activator of spasms 
and other seizures.

Tonic seizures may also be coupled with spasms, 
and these two seizure types may be difficult to differenti-
ate because the clinical and EEG features are very simi-
lar. The major distinguishing features between the two 
are that tonic seizures usually are more prolonged and 
lack the intense initial phasic component seen with most 
spasms. An interesting observation is that tonic seizures 
may rarely immediately precede a cluster of spasms. A 
review of video-EEG monitoring studies of 57 consecutive 
patients with infantile spasms revealed coupling of tonic 
seizures with spasms in three (5%) cases (personal obser-
vations). Because of the similarities between tonic seizures 
and spasms, it is likely that these two seizure types are 

generated by a similar mechanism and arise from the same 
region of the brain, possibly the brainstem.

ELECTROENCEPHALOGRAPHIC FEATURES

Interictal Patterns

The interictal pattern most commonly associated with 
infantile spasms is hypsarrhythmia (Fig 16-3), which was 
originally defined by Gibbs and Gibbs (3) as follows:

. . . random high voltage slow waves and spikes. These 
spikes vary from moment to moment, both in duration 
and in location. At times they appear to be focal, and 
a few seconds later they seem to originate from mul-
tiple foci. Occasionally the spike discharge becomes 
generalized, but it never appears as a rhythmically 
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FIGURE 16-2

Spontaneous remission in a 5-month-old boy with symptomatic infantile spasms. The parents refused to give permission for 
treatment. Representative samples of the awake and NREM-sleep EEG selected from 18-channel 24-hour polygraphic-video 
monitoring records. (A) Recording at the time of initial diagnosis shows hypsarrhythmia. Spasms were recorded. (B) Repeat study
3 weeks later, showing normal background for age. NREM-sleep sample shows right temporal spikes. Left temporal spikes (not 
shown) were also present in the sleep tracing. No spasms were recorded during the 24-houir monitoring study.
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FIGURE 16-3

Hypsarrhythmia. Digital recording from a 6-month-old male.

repetitive and highly organized pattern that could be 
confused with a discharge of the petit mal or petit mal 
variant type. The abnormality is almost continuous, 
and in most cases it shows as clearly in the waking as 
in the sleeping record.

This prototypic pattern is usually seen in the early 
stages of the disorder and most often in younger 
infants (younger than 1 year of age). The pattern has 
been reported in 7% to 75% of patients with infantile 
spasms (10, 12, 37–41). In addition, variations or modi-
fications of this pattern may be seen in many patients. 
In 1984, we identified five variations of the originally 
described pattern after reviewing the 24-hour EEG-video 
monitoring studies in 67 infants with infantile spasms 
(29). These variations include hypsarrhythmia with a 
consistent focus of abnormal discharge, hypsarrhyth-
mia with increased interhemispheric synchronization, 
hypsarrhythmia comprising primarily high-voltage, 
slow-wave activity with very little spike or sharp wave 

activity, asymmetrical or unilateral hypsarrhythmia, and 
hypsarrhythmia with episodes of generalized, regional, 
or localized voltage attenuation, which, in its maximal 
expression, is referred to as the “suppression-burst vari-
ant.” These variations were subsequently confirmed by 
Alva-Moncayo et al (37) in 100 cases.

In addition to demonstrating these basic varia-
tions, 24-hour EEG-video monitoring studies have 
shown that hypsarrhythmia is a highly dynamic pat-
tern, with transient alterations in the pattern occurring 
throughout the day. The hypsarrhythmic activity tends to 
be most pronounced and to persist to the latest age in 
slow-wave (non-rapid-eye movement [NREM]) sleep. 
During NREM sleep there is a tendency for group-
ing of the multifocal spike and sharp wave discharges 
resulting in a quasi-periodic appearance of the back-
ground activity (29, 42, 43). Also during NREM sleep, 
attenuation episodes frequently occur. The hypsarryth-
mic pattern is least evident or completely absent dur-
ing REM sleep, when the background activity may 
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FIGURE 16-4

Digital recording from a 6-month old male showing ictal EEG change associated with infantile spasms. Note the period of voltage 
attenuation associated with superimposed fast activity.

appear normal (42). Transient disappearance or reduc-
tion of the hypsarrhythmic activity is usually seen on 
arousal from sleep; this normalization may last from 
a few seconds to many minutes. In addition, there is 
usually a reduction or disappearance of the hypsar-
rhythmic pattern during a cluster of spasms, with the 
pattern returning immediately following cessation of 
the spasms (15).

Although hypsarrythmia or one of its variants is 
most commonly seen in patients with infantile spasms, 
several other interictal patterns may occur (1, 26). 
These include diffuse slowing of the background 
activity, focal slowing, focal or multifocal spikes and 
sharp waves, generalized slow-spike-and-slow-wave 
activity, focal depression, paroxysmal slow or fast 
bursts, or continuous spindling. These patterns may 
occur in isolation or in various combinations. In a 

small number of infants, the background activity may 
appear normal.

Ictal Patterns

A variety of ictal EEG patterns have been identified (15). 
These include generalized slow-wave transients, sharp-and-
slow-wave transients, and attenuation episodes, occur-
ring alone or with superimposed faster frequencies. 
These patterns occur singly or in various combinations. 
However, the most common ictal EEG change is a gener-
alized slow-wave transient, followed by an abrupt attenu-
ation of background activity in all regions (Fig 16-4). 
The duration of the ictal EEG event may range from less 
than 1 second to more than 1 minute, with the longer 
episodes being associated with arrest phenomena. Also, 
episodes of generalized voltage attenuation may occur in 
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the absence of clinical spasms. These observations have 
been confirmed by many authors (16, 33, 44–55). There 
is no close correlation between the character of the ictal 
EEG event and the type of spasm, with the exception that 
an asymmetric ictal pattern usually correlates with focal 
or lateralized brain lesions (47, 56).

PATHOPHYSIOLOGY

The pathophysiological mechanism underlying infan-
tile spasms is not known, and a suitable animal model 
exhibiting the major clinical and electroencephalo-
graphic features of this disorder has yet to be developed. 
At present, it is not even known whether the disorder 
occurs in any species other than humans. For those 
interested in a thorough discussion of the proposed 
pathophysiological mechanisms underlying this disor-
der, it is suggested that the reader review our recently 
published study on this topic (1). Here, we will provide 
only a brief overview of some of the hypotheses that 
have been proposed.

Considerable evidence implicates the brainstem as 
the area in which epileptic spasms and the hypsarrhyth-
mic EEG pattern originate (42, 57–61). We previously 
described a pathophysiological model of infantile spasms, 
based on our long-term polygraphic-video monitoring 
experience (42, 62), which suggested that dysfunction 
of certain monoaminergic or cholinergic regions of the 
brainstem involved in the control of sleep cycling may 
be responsible for the generation of the spasms and the 
EEG changes seen in this disorder (62). According to 
this model, the clinical spasms would result from pha-
sic interference of descending brainstem pathways that 
control spinal reflex activity, whereas the hypsarrhythmic 
EEG pattern, and perhaps the cognitive dysfunction seen 
in these patients, would result from activity occurring 
in ascending pathways projecting from these brainstem 
regions to the cerebral cortex. Various other investigators 
have also suggested that dysfunction of monoaminer-
gic neurotransmitter systems may be responsible for the 
generation of epileptic spasms (63–68). It has also been 
reported that corticosteroids (65) and ACTH (69) sup-
press central serotonergic activity, a finding consistent 
with this brainstem hypothesis. However, this model did 
not exclude the possibility that these critical brainstem 
region(s) might be affected by distant sites, because the 
brainstem sleep system receives input from many other 
areas (62). Several years later, Chugani and coworkers 
(60, 70) expanded our hypothesis. Primarily on the basis 
of PET scan studies, these authors suggested that the 
brainstem dysfunction causing infantile spasms was pro-
duced by an abnormal functional interaction between the 
brainstem (raphe nuclei) and a focal or diffuse cortical 
abnormality. According to this hypothesis, the cortical 

abnormality exerts a noxious influence over the brain-
stem from where the discharges spread caudally and 
rostrally to produce spasms and the hypsarrhythmic EEG 
pattern. The association of partial seizures with infantile 
spasms (described previously) was further evidence used 
to support the hypothesis that a primary cortical gen-
erator interacts with subcortical structures, resulting in 
infantile spasms. This model provides for the observation 
that a subset of infantile spasms patients with localized 
lesions in the cortex may have cessation of seizures and 
improved EEGs after resection of focal cortical lesions 
(70–73). A similar model proposing that spasms arise from 
subcortical structures was provided by Dulac et al (74). This 
group hypothesized that the epileptic spasms result from a 
functional deafferentation of subcortical structures such as 
the basal ganglia caused by abnormal cortical activity, but 
the hypsarrhythmic EEG pattern directly reflects the cortical 
dysfunction. A cortical-subcortical interaction was also pos-
tulated by Avanzini et al (75) and Lado and Moshe (76).

Another major hypothesis is that infantile spasms 
is the result of a defect in the immunological system 
(62, 77, 78). Supportive evidence for this hypothesis 
includes the presence of antibodies to extracts of normal 
brain tissue in the sera of patients with infantile spasms 
(79, 80), the presence of increased numbers of activated 
B cells and T cells in the peripheral blood of patients with 
infantile spasms (81), and abnormal leukocyte antigen 
studies in patients with infantile spasms compared with 
control subjects (82–84). Although these findings indi-
cate abnormal immune function in patients with infantile 
spasms, there is no direct evidence that an immunologic 
defect causes this disorder.

Another hypothesis is that corticotropin-releasing 
hormone (CRH) may play a mechanistic role in infan-
tile spasms (85–87). According to this model, stress or 
injury during early infancy results in the release of excess 
amounts of CRH, which in the presence of an abun-
dance of CRH receptors, produces epileptogenic altera-
tions in the brainstem pathways that result in spasms. 
The therapeutic benefit of corticosteroids and ACTH in 
this disorder would be secondary to the suppression of 
CRH synthesis by these hormones. However, although 
injection of CRH into the brains of infant rodents does 
produce seizures, the ictal behaviors and EEG features 
are not typical of those seen in the human condition (88). 
In addition, CRH levels are not elevated in the cerebro-
spinal fluid (CSF) of patients with infantile spasms (86). 
Furthermore, treatment of patients with infantile spasms 
with a competitive antagonist of CRH did not alter spasm 
frequency or significantly change the EEG pattern (89).

Several additional pathophysiological mechanisms 
underlying this disorder have also been proposed. It has 
been suggested that infantile spasm results from a failure 
or delay of normal developmental processes (90). This 
theory is based largely on the assumption that ACTH and 
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corticosteroids accelerate certain normal developmental 
processes in immature animals (91–95).

Also, several biochemical and metabolic distur-
bances have been reported in patients with infantile 
spasms. These include dysfunction of metabolic pathways 
for neuropeptides, pyridoxine, and amino acids, such as 
aspirate, glutamate, and gamma-aminobutyric acid (1).

Finally, there are 13 genetically based conditions 
associated with infantile spasms (1), some of which 
involve the same region of the X chromosome. For 
example, Aicardi syndrome has been associated with 
X chromosome abnormalities near Xp22 (96). Patients 
with incontinentia pigmenti type I have abnormalities 
in the same region, with evidence of X/autosomal trans-
location at Xp11 (97). Patients with X-linked infantile 
spasms have mutations involving the ARX gene located 
on the X chromosome at Xp22 (98–102) and the CDKL5 
(STK9) gene (103–109). Pyruvate dehydrogenase com-
plex deficiency, a metabolic defect associated with infan-
tile spasms, has been localized to Xp22.1–Xp22.2, a 
region similar to that associated with X-linked infantile 

spasms (110). These findings suggest that defects in the 
involved region of the X chromosome and products of 
the involved gene (or genes) may play a role in the patho-
physiology of this disorder (1, 101, 111).

Recently, we proposed a new model concerning 
the pathophysiology of this disorder based on devel-
opmental desynchronization (112). According to this 
model, infantile spasms results from a particular tem-
poral desynchronization of two or more developmental 
processes, resulting in a specific disturbance of brain 
function. As shown in Figure 16-5, the developmental 
desynchronization could be produced by (1) a mutation 
or inherited abnormality affecting the primary genes 
governing ontogenesis, (2) a mutation or inherited 
abnormality affecting the genes specifying transcrip-
tion factors (or other genetic modulators), or (3) an 
injurious external environmental factor affecting the 
maturational processes of brain tissues, neurochemi-
cal systems, or both. Each mechanism (or combina-
tion of mechanisms) could be manifested at different 
locations and at different points of development. As a 
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FIGURE 16-5

Developmental desynchronization model of infantile spasms pathogenesis showing schematically the interaction of developmen-
tal processes controlled by primary genes (e.g., neurogenesis, myelination, synaptogenesis, apoptosis, neurotransmitter systems)
(horizontal lines) with regulatory gene effects (vertical lines from bottom) and environmental factors (vertical lines from top). Vertical 
dashed lines indicate hypothetical maximal extent of desynchronization consistent with normal function at 6 months. Reprinted from J.D. 
Frost, Jr. and R.A. Hrachovy, Pathogenesis of infantile spasms: A model based on developmental desynchronization, J. Clin Neurophysiol.
22:25–36, Figure 1, page 28; copyright 2005, with kind permission from Wolters Kluwer/Lippincott Williams & Wilkins.
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result, at least one developmental process would lag 
behind other processes, resulting in a loss of integra-
tion of brain function. This model would allow for 
the observation that multiple, seemingly unrelated, 
conditions and insults occurring at different points of 
development (prenatal, perinatal, or postnatal) could 
result in the same functional deficit. Also, this hypo-
thetical model would be consistent with the response 
of patients with infantile spasms to a diverse group of 
therapeutic agents with different modes of action. All 
agents would not be effective in all patients because 
of the different fundamental impairments responsible 
for the common functional deficit resulting in spasms. 
Also, the phenomenon of spontaneous remission could 
result from internal control mechanisms detecting the 
developmental desynchronization that caused spasms 
and responding to it by the activation or modulation 
of other gene regulatory systems.

DIAGNOSTIC EVALUATION AND TREATMENT

Diagnostic Evaluation

The diagnosis of infantile spasms is suggested on the 
basis of a good clinical history. Thorough general 
physical and neurological examinations must be per-
formed. This should include a careful ophthalmic evalu-
ation and close examination of the skin using a Wood’s 
lamp to rule out such conditions as tuberous sclerosis. 
A routine EEG, recorded with the infant awake and 
asleep, is then obtained, which helps confirm the diag-
nosis. If the routine EEG does not reveal hypsarrhyth-
mia and if the typical ictal EEG patterns (described 
previously) or spasms are not recorded, a prolonged 
video-EEG monitoring study should be performed to 
establish the presence of the disorder. Neuroimaging 
studies, preferably MRI, should be obtained to search 
for structural brain abnormalities. If ACTH or corti-
costeroids are to be started, the neuroimaging studies 
should be obtained before institution of such therapy, 
because these agents produce enlargement of CSF spaces 
that cannot be easily distinguished from preexisting 
cerebral atrophy. Routine laboratory studies including 
complete blood count with differential, renal panel with 
electrolytes and glucose, liver panel, serum calcium, 
magnesium, and phosphorus, and urinalysis should be 
obtained in all cases before institution of therapy. If an 
associated etiology is not identified on the basis of the 
previous information, a metabolic workup including 
serum lactate and pyruvate, plasma ammonia, urine 
organic acids, serum and urine amino acids, and serum 
biotinidase should be obtained. Chromosomal analysis 
should be performed. The CSF should be evaluated for 
cell count, glucose, protein, viral and bacterial culture, 
lactate and pyruvate, and amino acids.

Associated Etiological and Clinical Factors

In approximately 40% of patients, no associated etio-
logical factor can be clearly identified. In the other 60%, 
various prenatal, perinatal, and postnatal factors have 
been implicated. In our recent review of the more than 
400 published reports concerning etiology (1) more than 
200 associated conditions were identified. These include 
such prenatal conditions as cerebral dysgenesis (e.g., lis-
sencephaly), intrauterine infection, hypoxia-ischemia, 
prematurity, and genetic disorders (e.g., tuberous scle-
rosis), perinatal conditions such as traumatic delivery 
and hypoxia-ischemia, and postnatal conditions such as 
inborn errors of metabolism (e.g., nonketotic hypergly-
cinemia), head injury, central nervous system (CNS) infec-
tion, hypoxia-ischemia, and intracranial hemorrhage.

Approximately 80% of patients with infantile 
spasms show some degree of mental and developmental 
retardation, and approximately the same percentage of 
patients have neurologic deficits (1).

Diffuse and focal abnormalities on MRI and CT scans 
may be seen in (70–80%) of cases. In addition, MRI may 
also reveal evidence of delayed myelination (113–115). PET 
reportedly detects focal or diffuse hypometabolic changes in 
up to 97% of patients with infantile spasms (116). However, 
these changes do not necessarily persist over time, suggesting 
that cortical hypometabolism in some patients with infantile 
spasms does not represent a structural lesion, but only a 
functional change (115, 117, 118).

Immunization

During the last several decades, there has been a major dis-
agreement as to whether immunization is an etiological fac-
tor for infantile spasms. This is an important issue, not only 
from a medical standpoint but also from a legal point of 
view, as evidenced by the large number of lawsuits against 
manufacturers of vaccines. Of the various vaccines that 
have been reported to be associated with infantile spasms, 
the one most frequently implicated is the diphtheria-
pertussis-tetanus (DPT) vaccine. The pertussis agent has 
generated the most concern, and a number of publications 
have reported its apparent relationship to the development 
of infantile spasms (119–125). The major problem in deter-
mining whether there is a causal relationship between DPT 
immunization and infantile spasms is that the vaccine is 
given at the same age as the usual onset of infantile spasms. 
Therefore, if a large population were studied, an association 
between infantile spasms and DPT immunization would 
be expected on the basis of coincidence alone. Few studies 
have approached this problem in a manner amenable to 
statistical analysis; however, those that have done so have 
demonstrated that the apparent association between DPT 
immunization and infantile spasms is coincidental and that 
no causal relationship exists (126–129).
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Patient Classification

In the past, the classification of infantile spasm patients 
was variable and inconsistent (1, 26). Currently, patients 
are best classified on the basis of medical history, develop-
mental history, neurologic examination, and neuroimag-
ing studies (MRI, CT, and perhaps PET). Based on these 
criteria, patients can be divided into two main groups: 
cryptogenic or symptomatic. Those with no abnormality 
on neurologic examination, no known associated etio-
logical factor, normal development before onset of the 
spasms, and normal neuroimaging studies are categorized 
as cryptogenic. Currently, approximately 20% of patients 
with infantile spasms are classified as cryptogenic (1), 
with the remaining 80% classified as symptomatic. This 
classification scheme can be helpful in the management of 
these patients because patients in the cryptogenic category 
have the best prognosis for spasm control and long-term 
developmental outcome (see following discussion).

Differential Diagnosis

The diagnosis of infantile spasms is often delayed for 
weeks or months because parents, and even physicians, 
do not recognize the motor phenomena as seizures. Colic, 
Moro reflexes, and startle responses are diagnoses fre-
quently made by pediatricians. Parents also may confuse 
infantile spasms with hypnagogic jerks occurring during 
sleep, head banging, transient flexor-extensor posturing 
of trunk and extremities of nonepileptic origin, and other 
types of myoclonic activity.

Infants with benign myoclonic epilepsy in infancy 
(BMEI) may have repetitive jerks, but the seizures are much 
briefer than spasms, and the EEG during the seizures reveals 
3-Hz spike-and-wave or polyspike-and-wave activity. The 
background EEG activity is usually normal. These myo-
clonic seizures are treated with standard anticonvulsants, 
and the long-term prognosis in these patients is favor-
able. Another type of myoclonic movement that has been 
reported to be confused with infantile spasms is so-called 
benign myoclonus of early infancy (130). Infants with this 
disorder reportedly have tonic and myoclonic movements 
involving either the axial or limb musculature, which, like 
infantile spasms, may occur in clusters. The age at onset 
of this disorder (3 to 8.5 months) coincides with the age at 
onset of infantile spasms. In none of the reported cases did 
these movements persist beyond the age of 2 years. Unlike 
patients with infantile spasm, infants with benign myoc-
lonus of early infancy have normal development, normal 
neurologic examinations, and normal EEGs. The motor 
movements are not accompanied by EEG changes, thus sug-
gesting a nonepileptiform basis for the events. Patients with 
severe myoclonic epilepsy in infancy (SMEI), a disorder 
that may be confused with infantile spasms, usually have 
a family history of seizures and the disorder often begins 

following a prolonged febrile seizure. Unilateral clonic 
seizures, generalized tonic-clonic seizures, and myoclonic 
seizures, but not epileptic spasms, typically occur in these 
patients. The EEG reveals generalized spike-and-wave or 
polyspike-and-wave activity (131–133). The seizures are 
typically refractory to anticonvulsants and mental retarda-
tion and neurological deficits are common. Epilepsy with 
myoclonic-astatic seizures (EMAS) may also be confused 
with infantile spasms. However, these patients experience 
brief myoclonic seizures, not epileptic spasms. The EEG 
typically shows spike-and-wave or polyspike-and-wave 
activity (134). Most patients are developmentally normal 
before onset of this disorder, which tends to be at a later 
age (7 months to 10 years) than infantile spasms.

Related Syndromes

Three different epilepsy syndromes—early myoclonic 
encephalopathy (EME), early infantile myoclonic epilepsy 
(EIEE) and Lennox-Gastaut syndrome—may be difficult 
to differentiate from infantile spasms. They may share a 
common pathophysiological basis, with each disorder 
being expressed at a different age. A comparison of the 
important ictal and interictal features of these disorders, 
as well as the other myoclonic epilepsies described previ-
ously, is provided in Table 16-1.

Ohtahara (135) proposed that the syndrome of 
infantile spasms, suppression-burst activity in the EEG, 
and developmental retardation, when seen in the first few 
months of life, represents a disorder different from that seen 
in older infants, and he termed this disorder early infantile 
epileptic encephalopathy (EIEE). This disorder, which has 
been reported by many authors (133, 136–143), has a high 
mortality rate. The major reported difference between EIEE 
and infantile spasms is that the suppression-burst pattern 
seen with EIEE is continuous during wakefulness and sleep, 
whereas infantile spasms are associated with hypsarrhyth-
mia. However, as discussed previously, a suppression-burst 
variant of hypsarrhythmia may be seen in patients with 
infantile spasms. Without knowing the age and clinical his-
tory of the patient, it is not possible to differentiate between 
these two suppression-burst patterns. Another reported dif-
ference between EIEE and infantile spasms is that in infantile 
spasms the spasms occur almost entirely while the patient is 
awake, whereas the spasms associated with EIEE reportedly 
occur both during wakefulness and sleep (138, 142).

A similar syndrome, early myoclonic encephalopathy 
(EME), has an onset within the first few weeks of life (132, 
133, 144). This syndrome differs from EIEE and infantile 
spasms chiefly by the main type of clinical seizure observed. 
EME patients reportedly have fragmentary myoclonus, 
whereas patients with infantile spasms and EIEE have epi-
leptic spasms. However, EME patients reportedly begin to 
experience epileptic spasms as they grow older. Also, the 
EEG in EME shows a suppression-burst pattern, but it is 
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reportedly less persistent than the suppression-burst pattern 
seen in EIEE. The various etiologies associated with these 
three disorders overlap, although EME has been reported to 
be associated primarily with metabolic disorders, whereas 
EIEE is more likely to be associated with structural brain 
abnormalities (133, 137, 142, 144–146).

It is usually not difficult to differentiate Lennox-
Gastaut syndrome from infantile spasms in the infant 
younger than 1 year of age. However, in older patients, 
the myoclonic, brief tonic and atonic seizures seen in the 
patient with Lennox-Gastaut syndrome may be confused 
with infantile spasms, particularly on the basis of clinical 
description alone.

The fact that these syndromes transition from one 
to the other also complicates the issue. For example, 
an average of 71% of patients with EIEE transition to 
infantile spasms. Some of these patients then transition to 
Lennox-Gastaut syndrome. Some cases of EME report-
edly transition to EIEE, and some cases of EIEE may 
evolve directly to Lennox-Gastaut (1, 136, 138, 147). In 
addition, an average of 17% of patients with infantile 
spasms will evolve to Lennox-Gastaut syndrome. If these 
disorders do share a common pathophysiological mecha-
nism, with the stage of brain maturation being the only 
factor affecting the appearance of each disorder, it is dif-
ficult to explain why the following evolution is not seen in 
all or most patients: EME  EIEE  infantile spasms 
Lennox-Gastaut syndrome. From this brief discussion, 
it is clear that much additional work is needed to clarify 
the relationship of these disorders.

Differentiation of infantile spasms from nonepileptic 
events, other types of myoclonic activity, and the three syn-
dromes just described frequently requires that video-EEG 
monitoring studies be performed to capture the question-
able episodes and thus provide a definitive diagnosis.

TREATMENT

No aspect of this disorder has created as much confu-
sion and controversy as the area of therapy. During the 
past four decades, numerous studies on the treatment of 
infantile spasms have been published; however, the results 
of these studies are so diverse that no consensus exists, 
and no true “standard of care” has been established. In 
this section, we briefly review the prevailing attitudes 
and opinions on the treatment of this disorder and make 
recommendations for the most appropriate therapy based 
on the best available data.

Medical Therapy

Since 1958, when Sorel and Dusaucy-Bauloye (4) reported 
that treatment of patients with infantile spasms using 
ACTH resulted in cessation or amelioration of spasms and 

disappearance of the hypsarrhythmic EEG pattern, many 
reports have appeared on the treatment of this disorder 
with ACTH and corticosteroids and more traditional anti-
convulsants (1, 148, 149). To date, most of these studies 
have been plagued with methodological shortcomings that 
hamper interpretation and comparison of results. Some of 
the problems encountered are the following:

 1. The natural history of the disorder is not completely 
understood—particularly the phenomenon of sponta-
neous remission. As noted previously, we reported in 
a retrospective study (25) that spontaneous remission 
could begin within 1 month of onset of the disorder, 
and within 12 months of onset, one quarter of patients 
had disappearance of the hypsarrhythmic pattern and 
cessation of spasms. More recently, Appleton et al. 
(150) performed a comparative trial of vigabatrin and 
placebo and reported that 2 of 20 patients (10%) 
responded to placebo. In addition, there are several 
case reports documenting the spontaneous remission 
of infantile spasms (1, 151–153).

 2. There have been marked variations in dosages of 
medications used and durations of treatment.

 3. Usually, an objective method of determining treat-
ment response (video-EEG monitoring) has not been 
used. Instead, most studies have relied on parental 
observation to determine spasm frequency, which, as 
we have shown in previous studies, is unreliable. As 
shown in Figure 16-6, parents often underestimate 
spasm frequency to such an extent that they might 

FIGURE 16-6

Spasm frequency after institution of ACTH or prednisone 
therapy: comparison of parents’ estimates with results of 
24-hour polygraphic-video monitoring. The coefficient of 
determination (r2) between the parents’ and video monitoring 
counts was 0.26. The 24-hour monitoring studies were per-
formed 2 to 4 weeks after institution of ACTH or prednisone 
therapy. Patients who failed to respond to ACTH were treated 
with prednisone and vice versa. Sixteen patients eventually 
responded to hormonal therapy.
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report that no spasms occurred in a child who, in 
fact, is experiencing many spasms per day. In 8 of 
24 patients, parents reported complete cessation of 
spasms during ACTH or prednisone therapy; how-
ever, in 3 of these patients, the presence of spasms 
was documented by long-term polygraphic-video 
monitoring. Conversely, parents may report that 
spasms did occur in a child who, in reality, does 
not have spasms. These discrepancies are prob-
ably related to the fact that spasms often occur 
in clusters shortly after arousal from sleep; they 
occur relatively equally during the nighttime and 
daytime; they are relatively brief in duration and 
may be subtle in appearance, and they are easily 
confused with other types of infant behavior (see 
previous discussion).

 4. In most studies, response to therapy has been defined 
in a graded fashion. However, there is no reliable 
evidence that spasms respond to any form of ther-
apy in such a manner. Our long-term monitoring of 
patients with infantile spasms treated with ACTH 
and prednisone indicates that the response to therapy 
is an all-or-none phenomenon—complete control or 
no control (154–157). This point is emphasized in 
the Guidelines to Antileptic Drug Trials in Children 
(Commission, 1994 [158]).

 5. Almost all reported studies were inadequately pow-
ered because of small study populations and so do 
not provide meaningful statistical data.

 6. Few well-controlled, prospective studies have been 
performed. Most studies have been case reports or ret-
rospective studies that are uncontrolled and unblinded 
(1, 26, 148, 149). In our initial analysis of the vari-
ous therapeutic agents used to treat this disorder, we 
categorized 214 treatment studies into six different 
groups (1) (Table 16-2). The most rigorously designed 
studies are listed in the first column of the table. The 
remaining studies meeting progressively less stringent 
criteria are listed in the remaining columns. Only six 
studies (150, 156, 157, 159–161) were prospective, 
using blinded and randomized protocols. Further-
more, only eight studies (154–157, 159, 162, 163) 
used serial 24-hour video-EEG monitoring to deter-
mine response to therapy objectively. Of the 15 agents 
shown in the table, 8 have never been evaluated using 
prospective, blinded, and randomized protocols, or 
with 24-hour EEG/video monitoring.

In addition, Table 16-2 lists the response rates to the 
various agents used to treat these patients. The dosages 
and durations of treatment, side effects, formulations, 
proposed mechanisms of action, and response character-
istics of each of these agents may be found in our review 
of the topic (1). Between 2003 and 2006, more than 30 
additional studies reporting the effectiveness of various 

treatment modalities have been published. Review of 
these studies reveals that almost all of these studies suf-
fer from the same methodological shortcomings described 
previously, with the exception of two randomized, con-
trolled studies (164, 165).

Because of these methodological problems, several 
opinions have been published regarding the treatment 
of infantile spasms. After their review of the subject, 
Hancock and Osborne (148) concluded that no single 
treatment could be proven to be more efficacious than 
any other in terms of long-term psychomotor devel-
opment or subsequent epilepsy rates. Vigabatrin may 
be more efficacious than placebo, and ACTH may 
be more efficacious than low doses of prednisone in 
stopping spasms. Vigabatrin may be more efficacious 
than hydrocortisone in stopping spasms in the group of 
patients with tuberous sclerosis. However, they found 
no treatment to be more efficacious than any other 
with regard to reduction in number of spasms, relapse 
rates, or resolution of hypsarrhythmia. Mackay et al 
(149) published a best practice parameter for the treat-
ment of infantile spasms for the American Academy 
of Neurology and the Child Neurology Society. This 
group concluded that ACTH is probably effective in 
the short-term treatment of infantile spasms, but the 
evidence was insufficient to recommend the optimal 
dosage or duration of treatment. Vigabatrin is pos-
sibly effective in the short-term treatment of infantile 
spasms and possibly effective in children with tuber-
ous sclerosis. However, there was insufficient evidence 
to recommend any other treatment for this disorder. 
Also, there was insufficient evidence to conclude that 
successful treatment of infantile spasms improves long-
term prognosis.

On the basis of our analysis of the available data, 
we believe that it is reasonable to conclude that:

 1. All agents listed in Table 16-2 have shown some 
efficacy in the treatment of infantile spasms.

 2. As concerns treatment of this disorder with corti-
costeroids and ACTH, most investigators believe 
ACTH to be more effective.

 3. There is no convincing evidence that higher doses 
of ACTH are more effective than lower doses of the 
drug.

 4. Vigabatrin appears to be particularly effective in 
stopping the spasms in patients with tuberous scle-
rosis.

 5. Response to any form of therapy usually occurs 
relatively quickly (within 1–2 weeks).

 6. About 25% to 33% of patients will relapse after 
initial response to an agent.

 7. There are no factors (e.g., treatment lag or patient 
classification) that can definitely be used to predict 
response to therapy.
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Surgical Therapy

Over the decades, several anecdotal reports have 
appeared reporting the beneficial effects of the sur-
gical removal of anatomical lesions such as tumors 
and cysts (11, 72, 166–170). In recent years, there 
has been a greater emphasis on the surgical treatment 
of infantile spasms in patients with focal abnormali-
ties on EEG, CT, MRI, or PET. In one of the largest 
series, Chugani and coworkers (171) reported that 9 
of 23 patients with either focal or lateralized hypo-
metabolism (18 patients) or focal hypermetabolism 
(5 patients) on PET also had focal abnormalities on 
MRI, CT, or both. All 23 patients had focal EEG find-
ings that matched focal areas of abnormality on PET; 
15 patients underwent focal cortical resection and 8 
underwent hemispherectomy. At an average follow-up 
of 28 months, 14 (64%) were reported to be seizure-
free. Others (172, 173) have reported similar results. 
The most common pathological finding of the resected 
tissue was cortical dysplasia.

There are several problems in interpreting the results 
of these surgical studies.

 1. Not all of the patients identified in these reports 
actually had infantile spasms at the time of surgery. 
Many of the patients had a prior history of infantile 
spasms, but at the time of surgery were actually 
experiencing other seizure types (e.g., partial sei-
zures).

 2. The time required for cessation of infantile spasms 
following surgical treatment is usually not pro-
vided. In most instances, it is not possible to 
determine whether spasms stopped immediately 
following surgery or weeks to months later. This 
point is extremely important when one considers 
the phenomenon of spontaneous remission.

 3. Most patients who were treated surgically continued 
to receive medical therapy after surgical resections 
were performed.

 4. In most cases, video-EEG monitoring was not used 
to document the presence of spasms immediately 
before surgery or the cessation of spasms following 
surgery.

The problem in determining the effect of surgical 
treatment on spasm frequency can be further demon-
strated by comparing studies of the long-term outcome 
in a group of patients with surgically treated infantile 
spasms and in a group of patients who failed to respond 
to hormonal therapy but were not treated surgically. 
Of the 17 patients reportedly experiencing infantile 
spasms at the time of surgery in Chugani’s series (171), 
10 (59%) were reportedly seizure free at follow-up. In 
a study of 26 patients who failed to respond to hor-

monal therapy but were not treated surgically (174), 
12 (46%) were seizure free at follow-up. Therefore, it 
is difficult to determine whether cessation of spasms 
in all of the surgically treated patients was secondary 
to the surgical procedure itself or to some other factor 
(i.e., spontaneous remission). Of equal importance is 
the question whether surgical treatment of patients 
with infantile spasms affects long-term development. 
Although some authors report that patients with infan-
tile spasm treated surgically show some improvement 
in developmental skills following surgery (171), the 
degree of improvement is difficult to assess because of 
the limited developmental information provided and 
the lack of control subjects.

Despite these shortcomings, focal cortical resection 
and hemispherectomy may contribute significantly to 
the treatment of a select group of patients with infantile 
spasms with focal cortical abnormalities who have failed 
medical treatment.

Recommended Treatment Approach

Based on critical analysis of the data (1, 148, 149), no 
single drug demonstrates superior efficacy, and several 
different treatment modalities appear to exert an effect 
on this disorder. Also, as indicated previously, focal 
cortical resection or hemispherectomy may benefit 
a small number of patients who have failed medical 
therapy. Because it is not possible to predict which 
patient will respond to a particular medical treat-
ment or surgical approach, the following systematic 
approach is recommended (Fig 16-7). The primary goal 
is to obtain a therapeutic response (cessation of spasms 
and EEG improvement) as soon as possible and to 
avoid prolonged treatment with ineffective drugs. If the 
patient fails to respond to one modality, it should be 
immediately stopped, and another agent immediately 
initiated. The specific implementation guidelines for 
each modality are shown in Table 16-3.

As discussed previously, prolonged video-EEG 
monitoring is the best method to use to determine if a 
response to treatment has occurred. However, if long-
term video-EEG monitoring is not available, or if such 
monitoring is not reimbursed by third-party payors, 
the physician will have to rely on the observations 
of parents and the results of routine EEG studies 
to evaluate treatment response. In this situation, if 
the caregiver has not observed spasms during close 
observation for at least five consecutive days, and 
if a repeat EEG, including a sleep recording, reveals 
disappearance of the hypsarrhythmic pattern, it can 
be assumed that a response has occurred. If a relapse 
occurs, the treatment protocol should be restarted, 
beginning with the agent that previously produced 
a response.
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COURSE AND PROGNOSIS

Unique to medical treatment of infantile spasms has been 
the belief that treatment with various modalities not only 
improves the EEG and stops the spasms but also improves 

the outlook for mental and motor development. How-
ever, there is no conclusive evidence that such treatment 
alters the developmental or mental outcome in these 
patients. This is because the designs of most studies con-
cerned with long-term outcome do not permit definitive 

Perform baseline 
diagnostic studies 

Lesion requiring 
immediate surgery 

Focal features not 
requiring immediate 
surgery 

No focal features

Surgical resection 
Select drug (Table 16.3)
and initiate Rx 

• Adjust dose as required
• Continue Rx for minimum 
   period 
•  Evaluate control status 

Have spasms 
stoped and 
EEG
improved ? 

Continue drug for 
recommended period 
(Table 16.3) 

Long-term
follow-up
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Has
maximum Rx 
period
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No

Have all 
appropriate
drugs been 
tried? 
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• Continue 
routine care. 
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No

No
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Yes

Yes

FIGURE 16-7

Flowchart summarizing recommended approach to the treatment of infantile spasms. Reprinted from J.D. Frost Jr. and R.A. 
Hrachovy, Infantile Spasms, Fig. 11.4, page 197; copyright 2003, Kluwer Academic Publishers, with kind permission from Springer 
Science and Business Media.
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TABLE 16-3
Therapeutic Modalities with Demonstrated Efficacy in Infantile Spasms 

and Suggested Parameters for Implementation

    MAXIMUM CONTINUE

  MAXIMUM MINIMUM DURATION OF THERAPY IF

  MAINTENANCE DURATION OF THERAPY IF  RESPONSE

THERAPY INITIAL DOSE DOSE THERAPY NO RESPONSE OCCURS?

ACTH 20 u/day 30 u/day 2 weeks  6 weeks No
    (plus 1 week taper)  (plus 1 week 
     taper) 

Corticosteroid  2 mg/kg/day 2 mg/kg/day 2 weeks 
 (prednisone)    (plus 1 week taper) 6 weeks  No
     (plus 1 week 
     taper

Vigabatrina 50 mg/kg/day 200 mg/kg/day N/Ab 8 weeks Yesc

Nitrazepama 1 mg/kg/day 10 mg/kg/day N/Ab 12 weeks Yesc

Valproate 40 mg/kg/day 100 mg/kg/day N/Ab 8 weeks Yesc

Pyridoxine  100 mg/day or  400 mg/day or 1 week 2 weeks Yesc

 (vitamin B6)  20 mg/kg/day  50 mg/kg/day

Topiramate 12 mg/kg/day 24 mg/kg/day N/Ab 8 weeks Yesc

Zonisamide 3 mg/kg/day 13 mg/kg/day N/Ab 6 weeks Yesc

Immunoglobulin 100�400  400 mg/kg/day 5 days 8 weeks Yes, up to
  mg/kg/day   � 5 days every    6 months

� 1–5 days  6 weeks

TRH  0.05–0.5  1.0 mg/kg/day 2 weeks 4 weeks No
  mg/kg/day

Surgery N/Ab N/Ab N/Ab N/Ab N/Ab

aThese drugs are not approved for general use in the United States.
bN/A 	 Not applicable to this form of therapy.
cAn attempt at discontinuation is suggested after several months.
Reprinted from Frost JD Jr, Hrachovy RA, Infantile Spasms, Table 11.4, page 195, copyright © 2003 Kluwer Academic Publishers, with 

kind permission from Springer Science and Business Media.

conclusions to be reached. Past studies of long-term prog-
nosis have typically been retrospective, and older studies 
did not use such diagnostic tests as CT and MRI scans to 
aid in classifying patients as symptomatic or cryptogenic. 
Various treatment protocols have been used, and many 
patients were treated with multiple agents. No placebo-
treated groups were included for analysis, and times for 
follow-up were not standardized. Also, in most studies, 
standardized tests of developmental and mental status 
were not utilized (1, 148, 149).

In our review of long-term outcome, we analyzed 67 
studies (1). We included studies (minimum of 25 patients 
per study) for which populations were not preselected. 
The average duration of follow-up was 31 months in 52 
studies that provided data concerning length of follow-up. 
Only 16% of the patients in these studies had normal 

development at follow-up, and approximately 47% con-
tinued to experience seizures. Symptomatic patients experi-
enced a higher rate of seizure occurrence (54%) compared 
to cryptogenic patients (23%). The most common seizures 
observed were tonic, generalized tonic-clonic, and simple 
partial seizures. Lennox-Gastaut syndrome developed in 
an average of 17% of patients. Abnormal EEG findings 
were seen in 61% of patients and 44% had persistent 
neurologic deficits. The average mortality rate was 12% 
(mortality has declined slightly over the decades, and this 
is probably related to better medical care).

Many factors have been reported to be predictive of 
a good outcome. In our analysis, the most favorable pre-
dictive factor was classification into the cryptogenic cate-
gory. The percentage of cryptogenic patients with normal 
development (51%) was significantly higher than that of 
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symptomatic patients (6%). Each of the criteria defining 
the cryptogenic category (normal neuroimaging, normal 
development before onset of spasms, and absence of asso-
ciated etiological factors) may also be good prognostic 
indicators, but additional information is needed to con-
firm these observations. A sustained response to therapy 

(no relapse) and the absence of other seizure types are also 
factors predicting a favorable outcome. The evidence that 
other factors frequently mentioned in the literature (e.g., 
a classic hypsarrhythmic pattern, older age at onset, and 
short treatment lag) are associated with a good outcome 
is less convincing.
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Myoclonic Epilepsies 
in Infancy and Early 
Childhood

t is still common to use the con-
cept of “myoclonic epilepsy” as a 
diagnosis in epilepsy, although the 
past decades have led to the indi-

vidualization of numerous and highly different epileptic 
syndromes in this category. More important, perhaps, is 
the fact that myoclonias can be found in the most benign 
and in the most severe forms of epilepsy, particularly in 
young children. The clinician’s job is to provide patient 
and family with the best possible treatment, and with a 
prognosis; diagnosis of a “myoclonic” epilepsy may help 
narrow the range of possible diagnoses and may also help 
avoid the risk of using inappropriate therapies. Indeed, 
myoclonias and myoclonic seizures are (with absences) 
those that are most likely to be aggravated by a whole 
range of anticonvulsants (1).

In this paper, we shall review some of the best-
established early childhood epilepsy syndromes asso-
ciated with the word “myoclonic,” and this review is 
based on recent reference textbooks on this subject (2, 3). 
However, we must acknowledge from the very start that 
many individual cases fall between the lines that separate 
syndromes and that diagnoses may remain tentative in 
some patients until a long-term follow-up has enabled the 
clinician to confirm (or change) the initial diagnosis.

The traits of the three major myoclonic epilepsy syn-
dromes found in infants and young children and treated 

Pierre Genton

in this chapter have been summarized in Table 17-1; we 
have included “differential diagnoses.” Indeed, many 
patients with myoclonias and myoclonic seizures cannot 
be diagnosed as having one of the typical syndromes. 
Several points should be made in this respect:

 • Lennox-Gastaut syndrome (LGS) is not typically 
a myoclonic epilepsy. Myoclonic jerks and sei-
zures have been reported, historically, in some 
patients who would still be categorized as LGS, 
whereas most others would now be considered 
to have Dravet syndrome or Doose syndrome. 
Important clinical and neurophysiological differ-
ences exist between these entities, as shown by 
a recent neurophysiological study of myoclonic 
jerks comparing patients with LGS and patients 
with Doose syndrome: this work underlines the 
difference between truly generalized myoclonus 
(as in Doose syndrome) and secondary bilateral 
synchrony (as in LGS) (4).

 • Although epilepsy with myoclonic absences is a well-
defined syndrome (5), there are, particularly among 
the cases with early-onset typical absences before 
the age of 2 or 3 years, many cases with promi-
nent, nonrhythmic or stereotyped myoclonias. There 
are also typical childhood absence epilepsy cases 
with marked myoclonic (eyelid, perioral) features. 

I
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TABLE 17-1
Distinctive Features of the Main Types of Myoclonic Epilepsies Occurring in Younger Children

   ASSOCIATED

 AGE AT  CONDITIONS/  PROGNOSIS/
SYNDROME ONSET SEIZURE TYPES ETIOLOGY EEG FEATURES OUTCOME

Benign myoclonic  4 m–3 y  Bilateral jerks; Idiopathic Normal background;  Excellent in
 epilepsy in  (later onset  spontaneous   fast, irregular SW  most; self-limited
 infancy  uncommon)  or reflex   associated with  condition; 
     bilateral myoclonic  treatment may
     jerks  not be necessary

Severe myoclonic  3 m–2 y Febrile, convulsive,  Progressive mental Normal background  Poor to very
 epilepsy in   unilateral, sleep-  decline; Na  at onset, progressive  severe; mental
 infancy (Dravet   related; falsely  channelopathy   deterioration;   handicap; high
 syndrome)   generalized;   in most  polymorphic   risk of SUDEP; 
   myoclonic,    interictal   sensitivity to
   atypical absence,    and ictal changes  fever may persist; 
   polymorphous    most severe
   seizures    seizures sleep-
      related

Myoclonic-astatic  1–4 y Myoclonic;  Idiopathic;  Normal background Excellent to poor; 
 epilepsy (Doose   astatic;   progressive   with some theta  self-limited in
 syndrome)   myoclonic-astatic;  mental deterioration   slowing; blateral   some with offset
   absence status;   in some; ion   SW, atypical   in childhood; 
   GTCS  channel disorder   absences and   chronic in others, 
    demonstrated   absence states,   with severe
    in some  polymorphous   seizure and
     changes during   cognitive
     sleep that may   handicap
     include tonic
     discharges

DIFFERENTIAL

DIAGNOSIS

Lennox-Gastaut  2–7 y Tonic, absence, Multiple etiologies; Slow spike-waves; Poor to very
 syndrome   astatic; very  no genetic factors  fast activities in   severe
   rarely myoclonic  sleep

Myoclonic  1–10 y Typical absences  Usually idiopathic 3-Hz spike-waves Not necessarily
 absences   with rhythmic   with axial  poor in all
   myoclonias   hypertonia

Early onset  6 m–3 y Typical absences  Heterogenous Typical absences, Highly variable
 absences   with myoclonus,   various interictal
   GTCS   changes

Specific All ages Various  Various metabolic Abnormal Usually poor, 
 conditions with   presentations  and genetic  background, specific  depending on
 myoclonus    disorders  features according  etiology
     to etiology
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However, such cases should be discussed with the 
absence epilepsy syndromes.

 • Numerous specific, metabolic, and/or genetically 
determined conditions are associated with epileptic 
seizures and with myoclonias. Such conditions are 
beyond the sco pe of this chapter and are dealt with 
in other chapters of this volume.

BENIGN MYOCLONIC EPILEPSY IN INFANCY

Introduction and Definition

Benign myoclonic epilepsy in infancy (BMEI) was indi-
vidualized among the early-onset myoclonic epilepsies 
nearly 30 years ago (6). BMEI stands out as the earliest 
form of idiopathic generalized epilepsy (7, 8). It is eas-
ily recognizable, with solid clinical and electroencepha-
logram (EEG) features. Extensive experience with this 
syndrome has led to the description of clinical variants, 
which share its excellent overall prognosis. Its diagnostic 
criteria can be summarized as follows:

 • Onset in a normal infant aged 4 months to 3 years
 • Bilateral myoclonic jerks, isolated or in brief series, 

occurring spontaneously or, less commonly, after 
unexpected sensory stimulations

 • Myoclonic jerks always associated with fast, gen-
eralized, irregular spike-wave or polyspike-wave 
discharges

 • EEG showing normal background and few interictal 
changes

 • Favorable neurological and cognitive outcome in 
most with or without treatment, although some 
patients may experience infrequent generalized 
tonic-clonic seizures (GTCS), or rarely other forms 
of epilepsy, later in life

Epidemiology

In our experience, BMEI is uncommon, and boys clearly 
outnumber girls (M/F ratio close to 2). BMEI represents 
less than 1% of all epilepsies and less than 2% of all 
idiopathic generalized epilepsies (9). This was confirmed 
by other studies, BMEI representing around 2% of all 
epilepsies with onset in the first 3 years of life (10), or 
1–2% of all epilepsies with onset in the first year of life 
(11, 12).

Clinical Manifestations

Myoclonic jerks begin usually between the ages of 
4 months and 3 years. At the onset, the clinical manifes-
tations are usually rare (seen less often than once/day) 
and barely noticeable. After some weeks or months, they 
become more frequent and more obvious. They involve 

prominently the upper limbs, with a sudden upward 
extension, but are usually generalized and may be asso-
ciated with a head drop and a quick upward rolling of 
the eyes. They may cause falls, drops of objects, or cry-
ing. If a short cluster occurs, it does not last more than 
2–3 seconds. Sudden brief vocalization (13), or longer 
myoclonic attacks lasting up to 5 seconds (14), have also 
been reported, but are uncommon. There are usually no 
specific triggering factors, and attacks occur unexpectedly 
(although a slight increase of occurrence may be noted 
during drowsiness in some children).

A significant clinical variant, now accepted as reflex
BMEI (15, 16), is characterized by the triggering of myo-
clonic jerks by sudden tactile or acoustic stimuli. Its prog-
nosis does not differ from the usual type, and it may 
even be more benign. Some authors have also stressed 
the possibility of a later age at onset, but such patients 
still experience the self-limited course of the usual type of 
BMEI, and there is apparently no overlap with juvenile 
myoclonic epilepsy (JME) (17).

There are no significant associated features. Cogni-
tive development and behavior remain normal, but some 
patients may experience various problems in this respect. 
A recent study showed that attention deficit or slightly 
below normal IQ can be found in single cases (18), but 
the significance of such findings is disputable (9).

EEG Features

As an idiopathic type of generalized epilepsy, BMEI is not 
associated with global changes of the waking or sleeping 
EEG (Figure 17-1). The interictal EEG is normal, with 
the exception of rare generalized discharges not asso-
ciated with myoclonias, especially during sleep. Most 
importantly, all myoclonias occur in association with 
EEG discharges. The EEG may remain fully normal if 
no myoclonic attacks are recorded, and long-term waking 
video-EEGs should be obtained until the ictal event is well 
documented. Sleep EEGs are useful in terms of differential 
diagnosis, because most other syndromes that may be 
suspected in the early diagnostic phases will be associ-
ated with significant global EEG changes during sleep or 
at awakening. However, drowsiness may in some cases 
increase the incidence of jerks, and it is recommended 
that a daytime sleep recording (easy to obtain in infants 
or very young children) be added to the clinical workup 
of these patients.

The typical EEG feature is a brief discharge of irreg-
ular, often fast spike-waves or polyspike-waves, that is 
very often associated with myoclonic jerks (Figure 9-1). 
This discharge can predominate anteriorly. Myoclonic 
jerks occur as an isolated event, or in very brief rhyth-
mic or near-rhythmic clusters of 2–4 jerks, and may 
be associated with brief loss of tone in axial muscles 
(neck). There is no EEG or polygraphic particularity in 
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the reflex forms, or in patients with slightly later onset, 
after infancy. The jerks may begin at the eyelids, but they 
predominate clinically in the arms in most patients (15). 
A photoparoxysmal response following intermittent light 
stimulation (ILS) may be found in ca. 10% of patients, 
sometimes inducing myoclonic jerks (9, 17, 19). Focal 
changes, mostly in the form of frontal or temporal spike-
waves, can be found transiently in rare cases, often only 
in sleep recordings (9, 19).

Pathophysiology

There is no significant personal history in patients with 
BMEI, which has all the characteristics of idiopathic epi-
lepsy. The only significant history is the occurrence of 
simple febrile seizures, which precede (or coexist with) 
BMEI in up to 26% of cases (9). The main physiopatho-
logical discussions surrounding BMEI concern the genetic 
context. Indeed, family histories of epilepsy (mostly of 
idiopathic forms) and/or febrile seizures are present in up 
to 44% of cases. There is no report of familial cases of 
BMEI, but this condition may occur in association with 
other forms of epilepsy in some families. One patient had 
a sibling with myoclonic-astatic epilepsy (20), but other 
family histories have not been reported in detail. There 
is, at present, no data to formally link BMEI with other 

myoclonic epilepsies or to a larger grouping of idiopathic 
epilepsies. Nor is there data to exclude such linkage.

Diagnostic Evaluation and 
Differential Diagnosis

The diagnosis of BMEI should immediately come to mind 
when myoclonic jerks occur in an infant who is progress-
ing normally. The only major differential diagnosis in 
this age class is with benign infantile spasms (21), a com-
paratively frequent, likewise benign condition in which 
the clinical manifestations occur in clusters and in which 
the EEG remains normal. A familial infantile myoclonic 
epilepsy was reported in a large kindred, with benign 
outcome and autosomal recessive inheritance and clini-
cal and EEG characteristics that differ from both BMEI 
and SMEI (22). These patients had often long- lasting 
myoclonic attacks preceding GTCS, the GTCS were the 
initial seizure type in most, and seizures tended to persist 
into adulthood. Febrile myoclonus is clearly a different 
entity (23). The diagnosis of SMEI and of myoclonic-
astatic epilepsy, which may be confused with BMEI at 
their very early stages, will be discussed subsequently.

The diagnosis of BMEI can be easily confirmed by 
video-EEG monitoring, coupled with clinical monitor-
ing. Video documentation of the attacks by the family 
may be of help at the first consultation and should be 
requested whenever possible. The frequency of myoclonic 
jerks is usually such that video-EEG monitoring, cou-
pled with polygraphic recording of the jerks by surface 
EMG, is productive (Figure 9-1). However, several hours 
of recording, or repeated recordings, may be necessary 
in some cases. In the absence of clear video-polygraphic 
data, or in the presence of atypical findings, the diagnosis 
and prognosis should remain open; long-term follow-up 
is necessary to bring about a better established diagnosis 
in such patients. Neuroimaging procedures are seldom 
performed and do not reveal significant findings (9). Cog-
nitive and behavioral assessment may be useful for the 
management of cases with problems in these areas.

Treatment

Myoclonic jerks are easily controlled by valproate (VPA) (9). 
Untreated patients continue to experience myoclonic 
attacks, and this may contribute to difficulties in terms 
of psychomotor development and behavior. Thus the clas-
sically recommended attitude is to treat patients with VPA 
and discontinue treatment after several years of seizure 
freedom.

In their review of the current literature, Dravet 
and Bureau (9) have stressed the major efficacy of VPA 
in BMEI. Out of 87 patients treated in monotherapy, 
73/82 became seizure free on VPA, 2/2 on phenobarbital 
(PB), 2/2 on clonazepam (CZP). Addition of PB, CZP, 

FIGURE 17-1

Benign myoclonic epilepsy in infancy (BMEI). Two-year old 
female infant with onset before age 1 of myoclonic jerks, who 
remained untreated until this polygraphic-EEG evaluation at 
age 2, showing waking and drowsiness. Note the correlation 
between generalized, irregular spike wave discharges on the 
EEG and myoclonic jerks shown on the deltoid EMG leads.
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or clobazam (CLB) resulted in seizure freedom in half of 
those who had not responded to VPA. Overall, 94% of 
the patients become seizure free on therapy. Resistance 
to VPA may be overcome using high initial doses (30 to 
40 mg/kg) (13). There are also patients with a very benign 
course who remained untreated, and the necessity of drug 
treatment may be discussed in individual cases.

Course and Prognosis

BMEI is a self-limited condition, with an active period 
lasting seldom more than a few years, and spontaneous 
remission during childhood. Myoclonic jerks disappear 
after a period of active epilepsy that may be short-
ened by anticonvulsant treatment; intellectual devel-
opment progresses normally, and the EEG normalizes. 
However, this rule does not apply to all patients. The 
overall outcome may depend on an early diagnosis and 
treatment. Persistence of myoclonic attacks may lead 
to impaired psychomotor development and behavioral 
disturbances (9, 24). The cases with reflex triggering of 
myoclonic jerks appear to be more benign than aver-
age among BMEI patients, and often do not necessitate 
treatment.

No other seizure types are usually seen in the course 
of BMEI, except simple febrile seizures, and afebrile 
GTCS: the latter occur very late, usually during ado-
lescence, and are often ascribed to drug withdrawal at 
that age. VPA may still be withdrawn without recur-
rence of GTCS in some, but has to be maintained in oth-
ers, for example, because of persisting photosensitivity. 
Photosensitivity can indeed appear after the cessation of 
myoclonic jerks and persist into adulthood (13, 25, 26). 
Some patients may present with other seizure types: two 
patients had typical absences at age 10 and 11 years, after 
several years of seizure freedom off VPA (14). A multicen-
tric study reported that, among 34 BMEI cases diagnosed 
between 1981 and 2002, there were two who later devel-
oped JME (27), but such findings need confirmation.

The cognitive outcome is favorable (9). In patients 
with long-term follow-up, 81.6% are normal, while 
14.47% have mild retardation and attend a special-
ized school, none being institutionalized. Associated 
conditions may account for some of these unfavor-
able courses; one of our patients had Down syndrome. 
In other cases, the myoclonic seizures had remained 
untreated for many years. Mangano et al. (18) reported 
the cognitive and behavioral outcome in seven patients. 
Five were normal, one had a slight and one a moderate 
mental retardation, and all but one also had attention 
deficit disorder. The pathogenesis of such unfavorable 
outcomes is probably multifactorial. In addition to the 
existence of co- pathologies, it appears that treatment 
delay (in patients with frequent attacks), familial anxi-
ety, and inappropriate educational attitudes, as well 

as a putative  underlying biological factor, may con-
tribute to a less than fully benign prognosis in some 
patients.

SEVERE MYOCLONIC EPILEPSY IN INFANCY 
(DRAVET SYNDROME)

Introduction and Definition

Severe myoclonic epilepsy in infancy (SMEI) was described 
in the late 1970s (28) as a condition with severe epi-
lepsy and progressive mental impairment, distinct from 
Lennox-Gastaut syndrome. It was included among the 
undetermined (as to whether focal or generalized) epi-
lepsies in the 1989 International League Against Epilepsy 
(ILAE) classification (7) and ranked among the epileptic 
encephalopathies by the more recent classification scheme 
proposal (8). Following the increasing description of less 
typical forms, in which myoclonic jerks seem to play 
a lesser part, the eponym “Dravet syndrome” is now 
widely accepted, which puts less emphasis on its myo-
clonic components.

SMEI has gained a major importance in recent years 
as a result of the realization that it is a fairly common 
syndrome, with many cases reported from all continents, 
and that many cases are related to a specific abnormal-
ity of sodium channel receptors (29). SMEI is nowa-
days considered an archetypical form of an ion channel 
disorder–related epilepsy.

Although it is fairly easy to diagnose after a certain 
duration of follow-up, SMEI still poses multiple diagnos-
tic and therapeutic problems. Its diagnostic criteria can 
be summarized as follows:

 • Onset in a normal infant aged 3 months to 2 years
 • Repeated simple febrile seizures, becoming progres-

sively longer and afebrile, unilateral, sleep-related, 
and increasing in duration

 • Occurrence of myoclonias, both bilateral and erratic, 
in the second year of life or thereafter

 • Progressive occurrence of multiple seizure types, 
including falsely generalized seizures, various forms 
of status epilepticus, atypical absences, myoclonic 
seizures, and focal seizures, with increased incidence 
during febrile episodes

 • Progressive mental decline after the second-third year 
of life

 • EEG normal at onset, with progressive deterioration 
of background, frequent and early photosensitivity, 
and multiple interictal and ictal abnormal patterns

 • Poor prognosis, with progressive mental decline dur-
ing the first years and a fairly stable residual state 
with marked to severe mental impairment, persisting 
seizures, and high mortality
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Epidemiology

In spite of its major rank among epileptic encepha-
lopathies, SMEI remains uncommon, but far from 
rare, and increasing numbers of cases are diagnosed 
nowadays. The incidence was estimated at less than 
1 per 40,000 (30). Among epilepsies with onset in the 
first year of life, SMEI represents 3% (11) or 5% (31). 
Among epilepsies with onset in the first three years of 
life, the prevalence has been estimated at 6.1% (29) 
or 7% (10). Males are more often affected, with a sex 
ratio of 2 (30, 31).

Clinical Manifestations

SMEI is characterized by a stereotyped clinical course, 
beginning with simple convulsive febrile seizures, which 
become frequent and predominantly nocturnal, increase 
in duration, and are progressively associated with afebrile 
events, multiple seizure types, myoclonias, and mental 
decline as well as neurological symptoms and behavioral 
disturbances.

The first febrile seizures may not be particularly dis-
quieting. In most cases they are associated with intercur-
rent ear, nose, and throat (ENT) infections, or they follow 
vaccinations, but Japanese authors have stressed that they 
can also be triggered by hot baths producing a rise in body 
temperature (32). Early characteristic features occur in 
some patients, with long febrile seizures, or clusters (33), 
or afebrile seizures in 28 to 48% of cases (29). Febrile 
seizures tend to recur within weeks, and the first afebrile 
seizures occur within 2 to 14 months (33). The diagnosis 
of SMEI becomes more apparent when other seizure types 
appear, and when cognitive problems start manifesting, 
between 1 and 4 years of age.

There are several types of convulsive seizures in 
SMEI (29), which can all last 30 minutes or more, or 
recur after short interruptions:

 • GTCS are uncommon, usually short, with a tonic 
phase often already intermixed with clonias.

 • Hemiclonic seizures are seen in the very young, 
before age 3.

 • “Falsely generalized” seizures are complicated, with 
discrepancies between the EEG onset (which may 
precede the clinical phenomena) and offset (EEG 
discharges persisting after the clinical offset). They 
consist in bilateral, asymmetric, asynchronous tonic 
contraction and clonias, leading to variable postures 
during the seizure, and each component may tran-
siently predominate on one side or one one limb. 
They last up to 2–3 minutes.

 • “Unstable” seizures are characterized by shifting 
EEG predominance, while their clinical appearance 
resembles the falsely generalized seizures.

Myoclonias appear after age 1 year, usually before 
age 5. Generalized myoclonic jerks, sometimes with falls, 
may be prominent upon awakening, disappear during 
sleep, and be provoked by intermittent light stimulation 
in the EEG laboratory. Fragmentary, asynchronous myo-
clonias are also seen (in up to 85% of the patients) in 
association with the former or, very often, as interictal 
manifestations, involving the limbs or facial muscles.

Atypical absences, often associated with increased 
myoclonias, may appear at any age during childhood and 
are found in 40 to �90% of patients. The clouding of con-
sciousness is incomplete, with some staring and slowing. 
The EEG correlates range from 3-Hz spike-wave discharges 
to diffuse slowing interspersed with multifocal spike-waves. 
Eyelid myoclonias and head drops may also occur during 
absences. They can culminate in states of obtundation, 
which occur in close to 50% of SMEI patients, and are 
characterized by fluctuating contact, slowing, and erratic 
myoclonias (Figure 9-2). Convulsive seizures may trigger, 
accompany, or terminate such states, which may last hours 
to days. The EEG shows diffuse slowing with focal and 
generalized spikes and spike-waves.

Focal seizures occur early in the course of SMEI, as 
simple motor seizures or as complex focal seizures with 
autonomic symptoms, often as soon as 4 months after the 
first febrile events. They may follow a myoclonic seizure. 
Complex focal seizures are with drooling, pallor, automa-
tisms, and erratic myoclonias. Simple motor focal seizures 
are usually versive, or clonic, limited to one side or one 
limb. The EEG changes are clearly focal, originating in 
the occipital, temporal, or frontal region.

Tonic seizures are extremely uncommon but have 
been reported by several authors (29).

Motor milestones are normal at the beginning, with 
walking at the normal age, but unsteady gait is often noticed. 
Slight ataxia is noted in 60%, and mild pyramidal signs in 
20%, during early childhood. Language also starts at the 
normal age but progresses slowly. Cognitive delay occurs 
often in the second year of life, sometimes only later. The 
children often become hyperkinetic. Twenty patients aged 
11 months to 16 years 7 months were investigated with 
neuropsychological tests (34): motor, linguistic, and visual 
abilities were strikingly affected. Children with an initial high 
frequency of convulsive seizures showed earlier cognitive 
slowing. The number and duration of convulsive seizures 
correlated with the degree of mental deterioration. Better 
development correlated with milder epilepsy. In children with 
marked photosensitivity, self-stimulation (using light sources 
or geometric patterns) may become prominent (35).

EEG Features

The EEG changes found in SMEI (Figure 17-2) are highly 
polymorphic and not specific. At the onset the EEG is 
normal and may remain so after repeated, simple febrile 
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seizures. Later, the background activity is variable, partly in 
relation to the delay since the last convulsive seizure, showing 
diffuse slowing in the wake of major seizures. Sharp activi-
ties consist in spikes, spike-waves, and polyspike-waves, 
often predominating over the frontal and central areas, 
together with multifocal slow activities. Brief generalized 
discharges are associated with massive jerks, but there 
are no evident EEG correlates, or only focal spikes, in 
association with erratic or segmental myoclonias. Sleep 
patterns are conserved unless sleep-related seizures are 
frequent. Photoparoxysmal responses can be elicited by 
intermittent photic stimulation or by geometric patterns, 
but this EEG laboratory finding is not always correlated 
with clinical photosensitivity.

The ictal patterns are also highly variable and depend 
on the seizure type. Some have been summarized in the 
previous section. The multifocal aspect of changes, both 
slow and sharp, is highlighted by the recording of a state 
of obtundation (Figure 17-2).

The EEG changes progress during childhood, with 
diffuse, but moderate overall slowing, while the sharp 
changes tend to decrease over time.

Pathophysiology

The genetic context in which SMEI occurs has been 
stressed repeatedly, with a family history of febrile 

seizures in up to 71% of cases (34). A new light was 
shed on the nosology of SMEI after the description of 
the GEFS� syndrome (generalized epilepsy with febrile 
seizures “plus”) (36). Probands with SMEI may belong 
to GEFS� families, with other members having more 
benign phenotypes (such as simple febrile seizures, febrile 
seizures�, but also myoclonic-astatic epilepsy or focal 
epilepsy) (37). Indeed, although familial occurrence of 
SMEI remains rare (29), two GEFS� families, each with 
two siblings with SMEI, have been reported (38). SMEI 
was thus related to a group of epilepsies with sensitivity 
to fever.

The next step in the discovery of pathophysiologi-
cal mechanisms underlying SMEI occurred in 2001, when 
mutations in the SCN1A sodium-channel gene were found 
in all seven SMEI probands studied by Claes et al (39). 
These mutations occurred de novo, and were confirmed 
by numerous other studies. Mutations are predominantly 
frameshift and nonsense, but missense and other types have 
been reported. Most mutations were confirmed to occur 
de novo, but some, all missense, were inherited (40, 41). 
SCN1A mutations were thus found in most, but not all, 
patients with SMEI, with a lesser prevalence in border-
line or atypical cases (29). Among 11 mutation-negative 
patients with typical or atypical SMEI, a recent study found 
that three had microdeletions in the SCN1A gene (42). 
Other candidate genes, including those implied in some 
families with GEFS�, were consistently negative, with 
one exception: a patient with a GABRG2 gene mutation 
was reported by Harkin et al. (43).

Genotype-phenotype correlations were extensively 
studied (29). There is a higher frequency of truncat-
ing mutations in the patients with SMEI. Some authors 
emphasize the localization of missense mutations and 
found that those situated around the pore-forming region 
and around the voltage-sensor region were more likely 
to produce the more severe phenotypes (44). Most muta-
tions result in loss of function of the SCN1A channel (45), 
while others can lead to increased function (46). In spite 
of marked and rapid progress in the understanding of the 
cellular mechanisms producing SMEI, there is thus still 
ample room for further research.

Diagnostic Evaluation and 
Differential Diagnosis

The diagnosis of SMEI can be suspected on clinical 
grounds in a context of repeated febrile seizures with a 
progressive tendency to occur at lower temperatures, to 
last longer, and to have an apparently unilateral or shift-
ing aspect. It will be confirmed during follow-up, with 
the onset of myoclonias and multiple seizure types, and 
of progressive mental alteration. Waking and sleeping 
polygraphic video-EEG recordings are useful, because 
the children progressively fulfill the diagnostic criteria of 

FIGURE 17-2

Dravet syndrome (severe myoclonic epilepsy in infancy, 
SMEI). This child had a typical history, with early-onset sim-
ple febrile seizures. This plate illustrate one of the multiple 
aspects of clinical manifestations of SMEI. During a state of 
obtundation, the patient has both segmental, asynchronous, 
and diffuse myoclonias, as shown on the polygraphic EMG 
leads. The EEG shows global slowing, and predominantly 
multifocal sharp waves.



III •  AGE-RELATED SYNDROMES276

SMEI. Molecular biology can, nowadays, help characterize 
a defect in sodium channel receptors in most cases, and 
positive findings in this field may constitute a diagnostic 
criterion in the future.

CT scan and MRI are usually normal, or show 
slight diffuse atrophy, without hippocampal sclerosis, a 
strange fact given the occurrence of numerous prolonged 
febrile seizures in these patients (29). However, recent 
works have shown some significant findings. Ictal single-
photon emission computed tomography (SPECT) may 
show lateralized or bilateral hypoperfusion (47, 48), 
and interictal positron emission tomography (PET) may 
show lateralized cortical hypometabolism (49). Con-
trary to previous studies, unilateral or bilateral hip-
pocampal sclerosis was found in 10 of 14 patients at 
various stages of SMEI (50), and 6 of these 10 patients 
had an initially normal MRI. The real incidence and 
significance of acquired, progressive lesions in SMEI 
thus remain to be defined. A high-resolution MRI is thus 
recommended, whenever possible, at the early stages of 
this condition.

Many differential diagnoses are usually discussed 
before a consensus can be reached on the diagnosis of 
SMEI. Simple febrile seizures and BMEI can be eas-
ily eliminated after some follow-up. Lennox-Gastaut 
syndrome (LGS) may begin in infancy, but usually in 
children with brain lesions, who present with another 
type of symptomatic epilepsy, such as infantile spasms; 
moreover, the EEG is much more specific in the LGS, 
showing fast discharges during sleep, with or without 
overt tonic seizures. Myoclonic-astatic epilepsy (discussed 
subsequently) may be more difficult to differentiate in the 
first or second year of life. Major differential diagnoses 
are represented by the following:

 • Some metabolic disorders, such as mitochondrial 
encephalomyopathies or neuronal ceroid lipofusci-
nosis, resemble SMEI; one patient with a condition 
mimicking SMEI had biological signs of mitochon-
drial dysfunction (51).

 • Severe cryptogenic frontal lobe epilepsy with onset 
in infancy may be discussed in some patients also but 
is not associated with the polymorphic association 
of seizures or the alternating character of unilateral 
seizures seen in SMEI.

 • Recurrent febrile seizures may raise the possibility 
of SMEI, which remains unlikely if seizure types and 
febrile threshold do not change over time. Recurrent 
febrile seizures can occur in a context of GEFS� and 
may also be associated with Na channel functional 
defects.

A major diagnostic problem is raised by the exis-
tence of atypical, or « borderline » cases of SMEI, that 
only partially fulfill the diagnostic criteria, but share the 

same overall prognosis. Among such atypical features: 
the absence of prominent myoclonus, which, if all other 
criteria are present, will not change the practical man-
agement and the outcome (12, 31, 48); a clinical picture 
with predominant refractory GTCS or unilateral clonic 
or tonic-clonic seizures, onset in infancy, and an evolu-
tion similar to SMEI (52). In both cases, recent molecular 
studies have shown that an SCN1A gene mutation could 
be demonstrated in patients with borderline SME (53) 
or with only refractory GTCS seizures (41). Thus the 
borders of SMEI remain controversial, and the actual 
weight of molecular biology in its diagnosis has yet to 
be established.

Treatment

SMEI is characterized by marked drug resistance, and 
there is no report of full seizure control over a long period 
with any single drug or drug combination. In spite of this, 
a rational approach of pharmacological management can 
be proposed in SMEI.

Some anticonvulsants have a clearly deleterious 
effect, which has been noted by clinicians and has not 
received satisfactory explanations. Lamotrigine was 
shown to aggravate at least 80% of SMEI patients, at 
any stage of the condition (54). The same phenomenon 
has been noted for carbamazepine (55), and both drugs 
(with the likely addition of oxcarbazepine, which is 
closely related to CBZ) should not be used in SMEI.

Most other anticonvulsants have been used with 
some benefit in SMEI. Phenobarbital (PB), VPA, and ben-
zodiazepines may decrease the frequency and duration 
of convulsive seizures. Phenytoin (PHT) can be useful in 
critical situations. Zonisamide is a potent antimyoclonic 
agent and has been used with success (56). Other drugs 
merit special attention:

 • Bromides brought major improvement of convulsive 
seizures in 8 of 22 patientswith SMEI, but did not 
influence absences or myoclonias (57).

 • Topiramate caused a 50–100%, long-term reduc-
tion in convulsive seizures (up to 36 months) in 
23 patients out of 27 in our experience (Villeneuve, 
personal communication), and good results have 
been published by other groups (58, 59).

 • Felbamate, in our experience, also proved efficient 
in several patients with SMEI, reducing all seizure 
types; there is, however, no published study to con-
firm this interesting effect in SMEI.

 • Stiripentol was efficient in association with VPA and 
CLB on convulsive seizures in SMEI (60). In this 
randomized, placebo-controlled, add-on trial, 15 of 
21 children (71%) had more than 50% reduction in 
seizure frequency (nine were seizure free), compared 
to 1 of 20 (not seizure free) under placebo (5%).
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The ketogenic diet is also an option: Of seventeen 
patients, seven achieved a 75–100%, and two a 50–74% 
seizure reduction (61). Seizures remained well controlled 
for more than one year. Steroids may be used in case of 
repeated status but do not have long-term efficacy. In 
some patients, immunoglobulins gave satisfactory results 
(Dravet, personal communication). In case of convulsive 
status, intravenous benzodiazepines, clonazepam, and 
midazolam can be used (62), in association with chloral 
hydrate or barbiturates.

Course and Prognosis

SMEI stands out as a particularly severe epilepsy, with a 
very poor overall prognosis, confirmed by all published 
studies. Seizures tend to persist, all patients have cogni-
tive dysfunction, and mortality is high, especially when 
patients reach adolescence and adulthood (30). The diag-
nosis of SMEI is comparatively easy in adults, because 
it is based on a fairly typical clinical evolution. A recent 
assessment of 14 adult patients with SMEI showed that 
predominantly nocturnal convulsive seizures persisted 
and that all patients were mentally disabled and had vari-
ous degrees of neurological dysfunction (63).

Seizures are drug-resistant at all ages but tend to 
become less frequent in early adolescence, persisting as 
nocturnal convulsive attacks, often triggered by intercur-
rent febrile conditions. In the Tokyo cohort (30), one 
patient has been seizure free for more than one year, 20 
(51%) had weekly seizures, 14 (36%) monthly seizures, 
3 (8%) one seizure in 1 to 6 months, and 3 (7%) one 
seizure in 6 months to 1 year. Febrile status still happens 
during adolescence, but febrile episodes are less frequent 
than in young children.

Neurological impairment may appear insidiously 
during childhood, with poor coordination, tremor, or 
slight action myoclonus (64). Some patients may neces-
sitate wheelchairs as a result of ataxia, spastic paresis, and 
kyphoscoliosis. The cognitive outcome is poor, but defi-
cits tend to stabilize in older children. Among the patients 
followed at our institution (30), all those aged more than 
10 years needed institutional care, and half had an IQ 
below 50. Behavior tended to become less hyperkinetic 
and rather marked by slowness and perseverations.

Mortality is a major problem in SMEI at any age. 
Among 128 patients who died in a department of child 
neurology, there were 4 of 8 patients with SMEI, includ-
ing three during status epilepticus (65). The experience 
from our center notes that by 1992, 15.9% of our patients 
had died during follow-up, with the following causes (30): 
sudden unexpected death in epilepsy (SUDEP) (2 cases, 
aged 7 and 13 years), drowning (3 cases, aged 4, 10 and 
14 years), status epilepticus during respiratory infection 
(1 case, age 3years 3 months), accident (1 case, age 15 years), 
malignant measles under steroids (1 case, age 3 years 

4 months), unknown (1 case). Over the past 15 years, 
several adolescent and adult patients have died in their 
sleep, with indirect evidence of seizures in some. We now 
recommend that adolescent and adult patients with SMEI 
sleep without soft cushions, and we also recommend that 
febrile episodes be treated as early as possible.

MYOCLONIC-ASTATIC EPILEPSY 
(DOOSE SYNDROME)

Introduction and Definition

Myoclonic-astatic epilepsy (MAE) is one of the few epilep-
tic syndromes named after a particular seizure type (66), 
but it is also known under the name of Doose syndrome, 
a tribute to the German author who first described “cen-
troencephalic myoclonic-astatic petit mal” (67), without, 
however, separating it clearly from Lennox-Gastaut syn-
drome (LGS), which had been characterized in the same 
period, or from SMEI, which was described later. It was 
classified among the cryptogenic or symptomatic general-
ized epilepsies in the 1989 international classification of 
epilepsies (7), but rightly moved to the idiopathic forms 
in the 2001 proposal (8). Recent studies have stressed 
the relationship between MAE and other idiopathic epi-
lepsies, including the GEFS� syndrome. There are still 
debates about the precise syndromic classification of 
patients diagnosed with MAE, “cryptogenic” LGS, and 
some cases with BMEI or SMEI.

The diagnostic criteria of MAE can be summarized 
in the following manner:

 • Onset in a normal child, between age 1 and 5 years
 • Absence of structural brain anomalies
 • Strong genetic context, with high incidence of 

idiopathic epilepsy in the family
 • Myoclonic-astatic seizures resulting in drops and 

falls, associated with multiple generalized seizure 
types: myoclonic, atonic, absence, GTC, less com-
monly tonic seizures, as well as nonconvulsive status 
epilepticus

 • Variable response to medication, with high efficacy 
of the valproate � lamotrigine combination

 • Possible progressive cognitive impairment in some 
patients

 • Variable prognosis for epilepsy and cognition, 
ranging from excellent to poor

Epidemiology

The sex ratio is strongly in favor of males (2.7–3:1) (68). 
Incidence data vary according to the precise definition 
used, but overall MAE represents 1–2% of all childhood
epilepsies (69), or 2.2% of children with seizure 
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onset between age 1 and 10 years in a hospital-based 
study (70).

Clinical Manifestations

MAE occurs in neurologically normal young children. 
Seizure onset is between 18 and 60 months, and 94% of 
the children start their seizures before age 5 years. Onset 
in children older than 7 has not been reported. MAE 
may be preceded by (or associated with) simple febrile 
seizures in 11 to 28% of children in the usual age range 
(age 17 to 40 months) (70, 71), or 90% if MAE occurs 
in GEFS� families (72).

The first seizures are usually generalized tonic-clonic, 
and soon after, they become myoclonic. They increase in 
frequence over a few months (73). Up to one-third of the 
patients can experience within 1–3 months a “stormy” 
evolution with multiple convulsive seizures per day, epi-
sodes of nonconvulsive status, or multiple daily falls due 
to myoclonic-astatic seizures (68). Such patients do not 
necessarily have a worse outcome than do those with a 
more gradual onset.

The characteristic presentation of MAE is as a mul-
tiple seizure disorder. Myoclonic and myoclonic-astatic 
seizures are present in all, as are generalized jerks occur-
ring isolated or in clusters of 2 to 3. A prominent feature 
consists of sudden falls that may be related to myoclonic 
jerks or to atonias, usually to the characteristic combi-
nation of both. This can be documented by polygraphic 
video-EEG recording (74). Injuries are common. Minor 
episodes are limited to head drops.

The following are other seizure types that may occur 
in MAE (68, 70, 71):

 • GTCS are found in 75–95% of patients and may 
occur during waking, but mostly during sleep after 
the first months.

 • Pure atonic seizures were documented in 11 of 30 
patients and associated with sudden falls and imme-
diate recovery (74).

 • Atypical absences are found in 62–89% of patients, 
often associated with lowered muscle tone.

 • Stupor, or nonconvulsive status, has been reported 
in up to 95% of patients. Such episodes may occur 
upon awakening from sleep or from a nap and last 
up to one hour or more, or occur as true status, last-
ing up to several days, often longer in children with 
unfavorable outcome. Discrete, arrhythmic myoclo-
nias of the face and extremities usually accompany 
these episodes (Figure 17-3).

 • Tonic seizures may occur during sleep.

EEG Features

At first appearance of seizures, the EEG (Figure 17-3) has 
a normal background and may show brief bursts of 2–3 
Hz generalized spike-wave or polyspike-wave discharges, 

which increase during sleep. The presence of a regular, 
rhythmic theta activity at 4–7 Hz predominating over 
the vertex and central areas is considered fairly specific 
of MAE, but it is not present in all patients and may 
become less prominent during follow-up. Myoclonic and 
myoclonic-astatic seizures are characterized by a single 
generalized (poly)spike-wave complex or by a cluster of 
sharp elements at 3–4 Hz lasting 2–6 seconds (74). Closer 
analysis of myoclonic seizures with back-averaging tech-
niques have demonstrated the generalized nature of the 
ictal phenomenon, with a 2–4 ms latency between sides, 
which contrasts with the findings in Lennox-Gastaut syn-
drome, in which the interside latency is much higher and 
in favor of bilateral synchrony (4). Atonias correlate with 
a 200–400-ms silent period on the EMG and polyspike 
discharges on the EEG (73, 74). Tonic seizures are char-
acterized by 10–15 Hz polyspike discharges.

Stuporous states are associated with mixed, slow 
and sharp activities, and when they are accompanied by 
prominent myoclonias, these can be associated, using 
back-averaging techniques, with cortical events (75).

Pathophysiology

The “idiopathic” character of the Doose syndrome is 
based on the lack of acquired pathology and on the pres-
ence of significant genetic backgrounds. Very rarely, MAE 

FIGURE 17-3

Doose syndrome (myoclonic-astatic epilepsy, MAE). A typical 
aspect of the EEG in a patient with MAE. Both segments: gen-
eralized or diffuse EEG changes with irregular spike waves. 
Right segment: a myoclonic-astatic episode, with myoclonias 
and atonia (as shown on the polygraphic EMG leads).
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can coexist with brain lesions, as recently shown in a 
patient with Sturge-Weber syndrome, in whom MAE 
developed and kept its peculiar pharmacological sensi-
tivity (76). Although the “generalized” nature of MAE 
remains uncontroversial, magnetoencephalographic find-
ings have pointed to a frontal, premotor generation of 
myoclonic-astatic attacks (77).

Most studies pointed to a high incidence of posi-
tive family histories of epilepsy, found in 15–32% of 
cases (70, 71). Recent studies have stressed the existence 
of MAE patients in large GEFS� pedigrees (36, 37, 72). 
However, none of the known three genes associated with 
GEFS� was found to be mutated in a series of sporadic 
MAE cases (78), and only three out of 20 patients with 
sporadic MAE demonstrated SCN1A mutations (79). 
Other genetic factors may play a major part, and the 
precise genetic etiology or etiologies of MAE is (are) thus 
still unknown.

Diagnostic Evaluation and 
Differential Diagnosis

The diagnosis of MAE can be suspected from the onset 
but, in most cases, requires a certain amount and duration 
of follow-up with clinical and EEG monitoring before 
it can be accepted as likely; as with other epileptic syn-
dromes that lack a clear biological marker, it will never be 
definitive and can change during the course of the condi-
tion. The clinical evaluation ascertains normal develop-
ment prior to the onset of epilepsy, a family history of 
idiopathic epilepsy, onset in early childhood, absence of 
brain pathology, multiple seizure types, as well as fairly 
characteristic EEG changes awake and asleep; pharma-
cological sensitivity (discussed subsequently) may also 
constitute a major diagnostic criterion. Diagnosis of MAE 
may remain tentative over a prolonged period, especially 
if atypical features are present in the patient’s history or 
clinical presentation.

Thus, various diagnoses may be considered during 
the early phases of MAE: BMEI (discussed earlier in this 
chapter), which may belong to the same spectrum of 
“idiopathic myoclonic epilepsies,” has a different, simpler 
presentation, but a cryptogenic form of Lennox-Gastaut 
syndrome may pose difficult problems, as several major 
clinical features overlap with those of MAE (70). A pre-
cise neurophysiological assessment of myoclonic jerks 
may help differentiate the truly “generalized” features 
of MAE from those of LGS, which are more likely to be 
associated with secondary bilateral synchrony (4). Other 
forms of “encephalopathic” early childhood epilepsies 
can be diagnosed in this context:

 • Atypical benign partial epilepsy (80), or the syn-
drome of continuous spike-waves during slow-wave 
sleep (81), may also occur in normal children who 
present with multiple seizure types, including drop 

attacks, but the EEG is different, showing focal and 
diffuse spike-wave discharges with major activation 
during sleep.

 • The late infantile form of ceroid lipofuscinosis, or 
other specific progressive disorders, may resemble 
MAE at the onset, especially if there is a “stormy” 
onset of MAE, or during periods of worsening, but 
clinical and EEG traits (e.g., visual impairment, 
single-flash responses on ILS, and rapid cognitive 
decline) quickly change the diagnostic context.

Treatment

In recent years the treatment of MAE has changed for the 
better, but it remains difficult, and the multiplicity of thera-
peutic proposals is a clear witness to this unsatisfactory 
situation. Valproate (VPA) is still considered the drug of 
first choice, as it may be effective against the multiple 
seizure types. Ethosuximide (ESM) can be considered to 
treat prominent absences and myoclonic attacks. When 
the initial phase of MAE is “explosive,” phenobarbital 
(PB) may be a reasonable option, as it has proven efficacy 
in convulsive attacks, but its use should not be continued 
beyond this initial stage (68). Steroids can help in the 
management of periods with multiple astatic seizures and 
frequent prolonged episodes of nonconvulsive status in 
MAE (73). Others have reported a positive effect of high-
dose intravenous gamma-globulins (82) or intravenous 
lidocaine (83) in the treatment of minor motor status in 
MAE. The ketogenic diet may also be proposed in the 
most severe cases (84, 85).

Conversely, such drugs as carbamazepine (CBZ) and 
vigabatrin (VGB), and probably phenytoin, oxcarbazepine, 
tiagabine, gabapentin, or pregabalin, should be used with 
utmost care in MAE, as in other myoclonic epilepsies, as 
they may be responsible for paradoxical aggravation of 
seizures, resulting at times in myoclonic status (75, 86).

Newer anticonvulsants may help control MAE. 
Lamotrigine (LTG) has achieved a major role in the treat-
ment regimen of patients with MAE (87), especially in 
association with VPA: This synergic combination, rec-
ommended in focal epilepsies (88), may have found a 
major application in MAE. Other newer anticonvulsants 
such as zonisamide, topiramate, and levetiracetam (LEV) 
may also be appropriate. However, a case of MAE with 
paradoxical aggravation (leading to myoclonic status) 
has been reported with LEV monotherapy (89). Topira-
mate may have some lasting beneficial effect on seizure 
control in some patients (90). Felbamate has been used 
with positive effect in selected cases (91).

Course and Prognosis

MAE stands out as a syndrome with a very variable, 
difficult-to-predict outcome that ranges from benign 
(with total remission without sequelae) to very poor 
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(with severe persisting epilepsy and mental impairment). 
MAE appears to follow a natural course that cannot be 
accurately predicted on the basis of its characteristics 
at onset. In spite of frequent seizures and initial appar-
ent resistance to drugs, the condition is self-limited in 
many patients, with abatement of seizures after an active 
period of 1–3 years and good cognitive evolution. The 
proportion of “favorable” cases with total remission 
of epilepsy has apparently grown in recent years, from 
around 50% to up to 68% (70, 71, 84). Some patients 
may experience infrequent, easy-to-control GTCS, while 
myoclonic-astatic seizures remit in 89% (84). Behavioral 
problems occur in some patients. The cognitive outcome 
was considered poor in 18% and was mostly associated 
with persisting minor motor states (84). Various factors 
of poor outcome have been proposed: repeated prolonged 
episodes of nonconvulsive status and positive family 
histories (71); occurrence of numerous falls, of atypical 

absences, and of frequent GTCS (17); frequent minor motor 
attacks and presence of a family history of epilepsy (84). 
The occurrence of tonic seizures during sleep is often but 
not always associated with a poorer prognosis (70, 92). 
In patients with long-term EEG recordings that include 
nocturnal sleep, they occur in only one-third of patients 
with favorable outcome but up to 95% of those with 
poor outcome (70).

For all practical purposes, there are no solid hints 
at severity or benignity at the onset of the condition, no 
matter how “stormy” it is. Clinicians in charge of such 
patients should closely follow the evolution, use adequate 
drug regimens that avoid toxicity and paradoxical aggra-
vation, and apply less common treatment procedures, 
together with educational support, when seizures become 
disabling and cognitive development deteriorates. If the 
epilepsy has not markedly abated three years after the 
onset, a poor prognosis is likely.
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Partial Epilepsies 
in Infancy

artial epilepsies had been consid-
ered infrequent in infancy (1–3), 
but this may be because partial 
seizure manifestations in infants 

are subtle and often difficult to identify unless they 
show definite focal motor phenomena. It is often dif-
ficult to distinguish partial from generalized seizures on 
the basis of clinical observations and interictal encepha-
lograms (EEGs) (4). In a previous study of seizures in 
the first year of life (2), partial seizures comprised only 
12%, whereas infantile spasms accounted for 41% and 
generalized motor seizures for 35%. Generalized motor 
seizures, however, may represent partial seizures that are 
secondarily generalized. Generalized tonic-clonic seizures 
are very rare in infants, if present, and ictal EEGs of such 
seizures usually display partial seizure patterns evolving 
to secondarily generalized tonic-clonic seizures (5, 6). In 
another study, partial epilepsy comprised 12%, whereas 
West syndrome represented 69% of the cases (7). Later 
studies of epilepsies in the first years of life revealed an 
increased incidence of partial epilepsies, although West 
syndrome remained the most common syndrome: 17–36% 
for partial epilepsies vs. 39–48% for West syndrome (8–10). 
Recent studies have reported a higher incidence of partial 
epilepsies in the first 2 years of life: 43% for partial epilep-
sies vs. 28% for infantile spasms at a tertiary center (11), 
and 60% vs. 35% in the first 2 years of life in a regional 

Kazuyoshi Watanabe

general hospital (12). This increased incidence is probably 
due to an increased recognition of partial seizures with or 
without secondary generalization in infants.

The prognosis of partial epilepsy in infancy had been 
considered poor, and benign partial epilepsy was reported 
to be extremely rare or nonexistent in infancy (13, 14). 
Complex partial seizures of infancy were reported to be 
medically intractable and often associated with mental 
handicap, necessitating aggressive treatment (15). How-
ever, Watanabe et al (16) first reported the presence of 
partial epilepsy in infancy with complex partial seizures 
in 1987, and, subsequently, of benign partial epilepsy 
with secondarily generalized seizures (17).

This chapter reviews symptomatic, cryptogenic, and 
idiopathic benign partial epilepsies and related syndromes 
in the first 2 years of life, excluding neonatal seizures.

ICTAL CLINICAL MANIFESTATIONS

The repertoire of ictal manifestation of epilepsy in infants 
is limited. Seizures often begin with a change in facial 
expression or behavior, but the most striking feature is an 
arrest or marked reduction of behavioral motor activity, 
which was formerly called a hypomotor seizure (18). Some 
authors consider seizures complex partial if nonconvulsive 
ictal phenomena are associated with disturbance of contact 

P
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or unresponsiveness and focal or nongeneralized paroxys-
mal EEG discharges (15, 19), but others avoid the term 
because of difficulty in determining impairment of con-
sciousness (18). The most ordinary sequence of infantile 
complex partial seizures consists mainly of motion arrest, 
decreased responsiveness, staring or blank eyes, or simple 
gestural automatisms followed by mild convulsive move-
ments and subsequent alimentary automatisms (16, 19). 
Convulsive movements consist of eye deviation or head 
rotation; mild clonic movements involving face, eyelids, 
or limbs; and increased limb tone. These tonic or clonic 
movements are qualitatively not as intense as those in gen-
eralized tonic-clonic seizures. They are more frequent in 
younger children and may be widespread, covering a wide 
area of the body, often leading to an erroneous diagnosis 
of generalized tonic-clonic seizures. Constant focal or uni-
lateral motor seizures are characteristic of symptomatic 
partial epilepsy. Symmetric motor phenomena of the limbs 
and head nodding are characteristic of seizures in younger 
children with temporal lobe seizures (20). Bilaterally syn-
chronous motor seizures (21), or bilateral tonic stiffening 
and extension of all limbs with or without evolution to a 
bilateral asymmetric clonic phase, tonic seizures with a 
sustained fencer posture, epileptic spasms in cluster, or 
brief loss of muscle tone on one side of the body may also 
be seen in infants (18). Automatisms consist of simple 
head, arm, or leg movements, and alimentary automatisms 
such as chewing, lip and tongue smacking, swallowing, 
or licking one’s lips (19). Alimentary automatisms are 
the most common form, and no complex, semipurposeful 
gestural automatisms are present in infants. Eye deviation 
or head rotation occurs early in the attack, whereas oral 
automatisms occur later, or postictally. Some authors feel 
these subtle limb or oral movements difficult to distinguish 
from background behavior (18). Autonomic changes such 
as flushing, mydriasis, pallor, cyanosis, apnea, or tachy-
pnea may be seen (22). All focal motor seizures and most 
versive seizures are associated with focal EEG seizure pat-
terns in the contralateral hemisphere. Generalized motor 
seizures display focal EEG discharges in 37%, while hypo-
motor seizures do so in 70% (23). Hypomotor seizures 
originate from temporal, temporoparietal, or parietooc-
cipital regions. Seizures with localized or bilateral clonic, 
tonic, or atonic motor phenomena arise predominantly 
from frontal, frontocentral, central, or frontoparietal 
areas. Temporal or temporoparietal foci are associated 
with diminution of behavioral activity, whereas frontal 
or central foci are associated with localized or general-
ized motor phenomena (18). Frontal lobe seizures are 
often initiated by psychomotor arrest followed either by 
limb hypertonia or tonic posturing and complex global 
motor behavior, or by simple gestural automatisms and 
eyelid myoclonias (24). Hypermotor seizures and com-
plex motor automatisms are not seen in young children 
with frontal lobe seizures (25). Rolandic seizures often 

begin by uni- or bilateral hypertonia of the limbs, followed 
by uni- or more frequently bilateral clonic activity. Eye 
opening or psychomotor arrest mainly occur at the onset 
of temporal lobe seizures, during which oroalimentary 
automatisms are observed, often associated with eyelid 
myoclonias (24). Younger children with temporal lobe 
seizures show convulsive movements more often than 
older children (19, 26). The first clinical signs of occipi-
tal seizures frequently consist of eye deviation, or more 
rarely eye opening, frequently followed by oculoclonias 
and eyelid myoclonias (24, 27). Ictal smile, flush, head 
nod, and behavioral changes are typical in infants and 
young children with posterior cortex seizures (28). Focal 
clonic activity, predominantly unilateral spasms, focal 
tonic activity, ictal nystagmus, and postictal paresis are 
good lateralizing signs occurring contralateral to the hemi-
sphere of seizure onset, whereas tonic eye deviation is 
not a good lateralizing sign (29). The duration of com-
plex partial seizures, timed from the first clinical or EEG 
change until the end of paroxysmal discharges, excluding 
postictal polymorphous delta waves, ranges from 40 to 
250 seconds in infants, longer than that of older children, 
ranging from 10 to 110 seconds (19). Partial seizures may 
evolve into secondarily generalized tonic-clonic seizures. In 
such cases, initial partial seizures last 5–33 seconds, and the 
following generalized tonic-clonic seizures 40–120 sec (17). 
Convulsive movements may be extensive, but secondary 
generalization is infrequent in symptomatic partial epi-
lepsies (19, 25, 28). In contrast, secondarily generalized 
seizures are more frequent in idiopathic benign partial 
epilepsy (11). Epilepsia partialis continua may occur in 
hemimegalencephaly or focal cortical dysplasia (30, 31). 
Epileptic spasms are usually considered a seizure mani-
festation of generalized epilepsy, but they may be seen in 
partial epilepsy if it is defined by localized ictal EEG or 
localized lesion on neuroimaging with seizure-free sur-
gical outcome (18, 23). Epileptic spasms are often the 
initial manifestation or seen transiently during the course 
of symptomatic partial epilepsy due to focal cortical dys-
plasia (25, 27, 32–34). About one-third of infants with 
partial epilepsies beginning in the first 2 years of life pre-
sented initially with infantile spasms (12).

EEG FEATURES

In infants with partial epilepsies, interictal EEGs dem-
onstrate paroxysmal discharges infrequently (19). In 
idiopathic benign partial epilepsy in infancy with com-
plex partial seizures or secondarily generalized seizures, 
interictal EEGs are normal and do not show paroxysmal 
discharges, although small vertex spikes with larger bell-
shaped slow waves are seen in benign partial epilepsy 
with vertex spikes and waves during sleep (35). Paroxys-
mal discharges may be absent even in symptomatic partial 
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epilepsies in infancy. In symptomatic partial epilepsies, 
interictal background EEG rhythms are usually slow and 
poorly organized, and regional posterior frequencies are 
not observed (15). Sleep EEGs display abnormal organi-
zation, often without stage II features, and persistent volt-
age and frequency asymmetry may be observed. Interictal 
EEGs often show paroxysmal discharges such as spikes, 
spike and waves, and sharp waves that may be unilateral, 
bilateral, or multifocal (36).

Ictal EEGs usually display focal discharges of low-
voltage fast waves or rhythmic or repetitive sharp alpha 
or theta waves of increasing amplitude and decreasing 
frequency, which are followed by theta and delta waves 
mixed with spikes or sharp waves with gradual or rapid 
spread to other regions (16, 19). In secondarily generalized 
seizures, ictal EEGs show focal discharges of low-voltage 
fast waves or rhythmic or repetitive sharp waves or spikes 
of increasing amplitude and decreasing frequency, which 
transmit to the contralateral and adjacent regions, then to 
all areas. These waves or spikes resemble epileptic recruit-
ing rhythm, which then become mixed with slow waves 
of decreasing frequency, giving rise to spike, polyspike, or 
sharp- and slow-wave complexes. Bilateral synchrony of 
these discharges and associated clonic seizures is poorer 
in comparison with those observed in older children and 
adults (17).

IDIOPATHIC PARTIAL EPILEPSIES

Benign Partial Epilepsy in Infancy with 
Complex Partial Seizures

This syndrome is characterized by complex partial seizures 
(CPS) occurring in clusters, age at onset mostly during the 
first year of life, a family history of benign infantile sei-
zures in many cases, normal development prior to onset, 
no underlying disorders or neurological abnormalities, 
normal cranial computed tomography (CT) and mag-
netic resonance imaging (MRI) findings, normal interictal 
EEGs, excellent response to drug treatment, and normal 
developmental outcome (11, 16, 37–40). Seizures occur 
mostly during wakefulness in clusters 1–10 times a day 
for 1–3 days. They may recur within a few months even 
on drug treatment. The most frequent site of origin of 
ictal discharges is the temporal area, but other foci or even 
dual foci can be seen. We previously proposed to combine 
this syndrome with benign partial epilepsy with second-
arily generalized seizures, described subsequently, and 
call them benign partial epilepsy in infancy (17). But CPS 
may be misdiagnosed as generalized tonic-clonic seizures 
because of concomitant convulsive movements (19). The 
unique characteristics of this syndrome with CPS as the 
sole type of seizures should be emphasized, because it may 
be difficult to diagnose it unless we know its presence. It is 

important to recognize this subtype, because it may be too 
subtle or atypical to diagnose it as an epileptic seizure. In 
fact, gastroesophageal reflux disease was initially thought 
to be the etiology of symptoms in a substantial number 
of patients, delaying referral to the pediatric neurologist 
by as much as 3 months (11).

Benign Partial Epilepsy in Infancy with 
Secondarily Generalized Seizures (SGS)

The main clinical features are similar to those of the afore-
mentioned subtype with CPS in regard to family history, 
age of onset, neurodevelopmental normality, absence of 
underlying disorders, and normal interictal EEGs (17). 
This subtype presents only with SGS. Seizures occur 
more frequently during wakefulness than during sleep, 
but more frequently during sleep than in the subtype with 
CPS. Partial seizures lasting 5–35 seconds, manifested by 
motion arrest with staring or blank eyes during wakeful-
ness, or opening of eyes with staring during sleep, are 
followed by generalized tonic-clonic seizures of 40–150 
seconds’ duration. Seizures occur in clusters 2–5 times a 
day for 1–3 days. They may recur within a few months 
after treatment, but they can be easily controlled with an 
adjustment of the dosage. The site of initial paroxysmal 
discharges is usually in the central, occipital, or parietal 
area (38). Different foci (occipital and central) were dis-
closed at the onset and recurrence in an infant (17). SGS 
are easily mistaken for primarily generalized seizures, 
because it is not always easy to recognize the presence of 
preceding partial seizures. For their accurate diagnosis, 
the initial partial seizure manifestation should be specially 
sought, or an ictal EEG recording should be done.

Diagnosis and Long-Term Follow-up of Benign 
Partial Epilepsy in Infancy

It is not always easy to make an accurate diagnosis of 
benign partial epilepsy in infancy (BPEI) at the onset of 
seizures (41), as the diagnostic criteria include seizure free-
dom and normal developmental outcome. A positive fam-
ily history of similar disorders is helpful, but it is absent in 
many cases. Okumura et al (42) defined possible BPEI as 
partial epilepsy with CPS and/or SGS meeting the afore-
mentioned criteria excluding outcome items, and made the 
final diagnosis of definite BPEI at age 5 years, when there 
was no seizure beyond age 2 years and normal psychomo-
tor development beyond 5 years. Definite BPEI accounted 
for 76% of the patients diagnosed as having possible BPEI
at the first presentation and 90% of those who met the 
conditions on reevaluation at age 2 years. Thus, recog-
nition of BPEI is possible, to some extent, at the first 
presentation, and reevaluation at age 2 years is useful for 
a more precise diagnosis. A recent long-term follow-up 
study revealed that most of patients with possible BPEI
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at age 2 years and almost all of the patients who met the 
criteria of definite BPEI at age 5 years did not have seizure 
recurrence or mental problems beyond 8 years of age (43). 
Thus, the diagnosis of BPEI can be made reliably at age 
5 years. During the follow-up period in this study, 9% 
of patients with definite BPEI at age 8 years or older had 
convulsions with mild gastroenteritis at age 18–22 months 
after an antiepileptic drug (AED) was discontinued. In 
view of the long interval between the two types of seizures 
and the different age of onset of two syndromes, it is rea-
sonable to consider that these patients had two different 
syndromes rather than a relapse of BPEI. Another 9% of 
the patients developed paroxysmal kinesigenic choreoath-
etosis (PKC) at age 6–8 years. The association of PKC with 
benign infantile convulsions has been recently recognized 
(see the following section). No patients developed other 
types of idiopathic epilepsy.

Benign Infantile Convulsions/Seizures

The presence of infantile convulsions with benign out-
come was first described by Fukuyama in 1963 (44), 
who defined them as having the following features: onset 
before 2 years of age; generalized, symmetrical convul-
sion, mainly tonic-clonic, lasting 1–2 minutes; no family 
history of epilepsy; no remarkable past history; normal 
psychomotor development; no etiology; (EEG normal); 
and benign course. This type of infantile convulsions has 
been the subject of many subsequent studies in Japan and 
has been called benign infantile convulsions (BIC) (38). 
As generalized, symmetrical convulsions are one of the 
criteria of BIC, none of the studies considered BIC par-
tial seizures. We pointed out, however, that ictal EEGs 
of such patients usually display partial seizures evolv-
ing to secondarily generalized tonic-clonic seizures (5). 
Tsurui et al (45) made a similar observation in patients 
with BIC meeting the criteria of Fukuyama except for a 
family history. The absence of a family history of epi-
lepsy was another criterion of BIC described by Fuku-
yama, but a family history of benign convulsions was 
often elicited in BIC (38). Vigevano et al (46) reported 
an autosomal dominant disorder, benign infantile famil-
ial convulsions (BIFC), characterized by a family history 
of benign seizures in infancy and secondarily generalized 
partial seizures confirmed by ictal EEG recordings. The 
site of origin of ictal discharges was in the parieto-occipital 
area. Since the description by Vigevano et al (46), there 
have been reports on BFIC from many different parts of the 
world (47, 48). This syndrome corresponds to the familial 
type of BIC described by Fukuyama (44) and to benign 
partial epilepsy with SGS described by Watanabe et al (17). 
Later reports recognized the presence of simple or com-
plex partial seizures without secondarily generalization 
in a number of patients (49–51). These cases may corre-
spond to BPEI with CPS described by Watanabe et al (16). 

BFIC show an autosomal dominant mode of inheri-
tance. So far, three loci for BFIC have been mapped 
on chromosomes 19q12–q13.11 (52), 2q24 (53), and 
16p12–q12 (51, 54). The last region is the same locus as 
that for familial infantile convulsions and paroxysmal 
choreoathetosis (49). Recently, Striano et al (55) have 
reported a pedigree with BFIC in which genetic analysis 
revealed a novel SCN2A gene mutation on chromosome 
2q24. Mutations in the same gene has been identified in 
families affected by benign familial neonatal-infantile 
seizures (BFNIS) (56, 57), suggesting these two benign 
familial seizures may share the same genetic abnormal-
ity. Both share many clinical features except for the 
age of onset.

Benign Familial Neonatal-Infantile Seizures

This is an autosomal dominant benign seizure disorder, 
presenting in early infancy, in which mutations of SCN2A 
gene have been detected (56, 57). The age of onset ranges 
from day 2 to 7 months (mean, 11.2 weeks). Seizures are 
characterized by secondarily generalized partial seizures; 
neonatal seizures were not seen in all families. The fre-
quency of seizures varied; some individuals had only a 
few attacks without treatment, whereas others had clus-
ters of many per day. Febrile seizures were rare. All cases 
remitted by 12 months. Ictal recordings showed a focal 
onset in the posterior quadrants.

Benign Familial Infantile Convulsions and 
Paroxysmal Choreoathetosis

The association of paroxysmal choreoathetosis with BFIC 
was first reported by Szepetowski et al (49) and subse-
quently described by several authors (58–63). This disorder 
is inherited as an autosomal dominant trait and linked to 
chromosome 16p12–q12. The clinical expression is vari-
able, and affected individuals may display infantile seizures, 
paroxysmal dyskinesia, or both. The paroxysmal dyskinesia 
starts at age 5–28 years and occurs spontaneously at rest 
or is induced by sudden movements, anxiety, or prolonged 
exercise. Some patients exhibited recurrence of epileptic 
seizures at a much later age (59). Two families with this 
disorder in which one of the members developed temporal 
lobe seizures in adolescence and adulthood, respectively, 
were reported (64, 65). Carbamazepine is usually effective 
against dyskinesia, although the condition may not be so 
disabling as to make individuals seek medical advice.

Benign Familial Infantile Convulsions and 
Familial Hemiplegic Migraine

Vanmolkot et al (66) reported novel missense mutations 
in the ATP1A2 Na�, K�-ATPase pump gene on chro-
mosome 1q23 in two families with familial hemiplegic 
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migraine (FHM). The M731T mutation was found in a 
family with pure FHM, whereas the R689Q mutation 
was identified in a family in which FHM and benign 
familial infantile convulsions (BFIC) partially cosegre-
gate. In this family, all available affected family members 
with FHM, BFIC, or both carry the ATP1A2 mutation. 
Like FHM linked to 19p13, FHM linked to 1q23 also 
involves dysfunction of ion transport, and epilepsy is part 
of its phenotypic spectrum.

Benign Partial Epilepsy in Infancy and 
Early Childhood with Vertex Spikes and 

Waves During Sleep

This syndrome is a form of benign partial epilepsy in 
infancy characterized by the presence of typical focal 
interictal EEG abnormalities in the vertex regions only 
during sleep (35, 67). Spikes and waves have a particu-
lar morphology consisting of a low-voltage fast spike 
followed by a higher-voltage bell-shaped slow wave, 
appearing isolated or grouped in short sequences with 
spread from vertex to central regions. A family history 
of febrile or afebrile benign seizures is relatively common 
(30–50%). The age of onset ranges from 13 to 30 months 
with a peak between 16 and 20 months, but an earlier 
onset before age 1 year was reported later (68). Seizures 
occur infrequently, varying from one episode to three to 
four per year, mostly in wakefulness, and are character-
ized by staring and motion arrest, followed by stiffening 
of the arms, cyanosis, and loss of consciousness, lasting 
1–5 minutes. They never occurred in clusters or in the 
form of status (67). Seizure remission occurred between 
2 years 3 months and 3 years 7 months, whereas spike 
and waves remitted between 3 and 5 years. Antiepileptic 
treatment is considered unnecessary because of low sei-
zure frequency and short duration (69).

Benign Convulsions with Mild Gastroenteritis

Benign convulsions with mild gastroenteritis (CwG) are 
situation-related seizures associated with gastroenteritis. 
They were first described by Morooka in Japan (70) and 
have been studied by many Japanese and a few Taiwanese 
investigators (71) but rarely reported from other coun-
tries (72–74). Uemura et al (71) studied clinical features 
of this disorder in 114 episodes of 105 patients. CwG are 
defined as having the following features: seizures associ-
ated with gastroenteritis without signs of dehydration or 
electrolyte derangement; the body temperature less than 
38°C before and after the seizures; patients with bacterial 
or aseptic meningitis, encephalitis/encephalopathy asso-
ciated with viral infection, or a history of epilepsy are 
excluded. The age of onset ranged from 8 to 52 months 
(average 21.1 months). A family history of febrile or 
afebrile seizures is infrequent (7%, 6% respectively). A 

pair of identical twins had CwG on the same day (75). 
Sakai et al (76) reported a family with CwG and BIC. 
Only 5% had febrile seizures on occasions unrelated to 
CwG. Seizures occurred in clusters in 75% of the epi-
sodes, presented as generalized convulsions in 87% of 
patients and complex partial seizures in 13%, and lasted 
from 30 seconds to 3 minutes. They were induced by pain 
and/or crying in 43% of episodes, although no patients 
had convulsions associated with crying on any occasions 
before and after the episode of CwG. These seizures were 
clearly different from breath-holding spells. In patients 
with multiple seizures, the interval between the first and 
last seizure was 0.5–48 hours (mean 8.6 hours), and sei-
zures ceased within 6 hours in 59% of episodes. None of 
the patients developed epilepsy, and all patients exhibited 
normal psychomotor development. Interictal EEGs are 
normal. Ictal EEGs were recorded in a few cases and 
showed complex partial seizures evolving to secondarily 
generalized tonic-clonic seizures (75, 77, 78). The site 
of origin of ictal discharges was occipital in 5, parietal 
in one, and centroparietotemporal in one of 7 episodes 
recorded from 5 patients. One of the patients showed 
three different foci in three episodes (77). Rotavirus is 
the most common etiologic agent of gastroenteritis, but 
other viruses, such as small round structured virus, may 
also be responsible (79, 80). It is not always easy to dis-
tinguish patients with CwG from those with encephalitis/ 
encephalopathy. Hongou et al (81) reported a patient 
with rotavirus encephalitis mimicking CwG who showed 
slowing of the background EEG.

Treatment of Benign Partial Epilepsies and 
Other Benign Infantile Seizure Disorders

Although benign partial epilepsies and other benign infan-
tile seizures have a tendency to spontaneous remission, the 
seizures often occur in clusters, and the benignity of the 
condition can not usually be ascertained at the very begin-
ning of the disease, so an AED may be administered for 
a certain period. However, there is no consensus as to 
the choice of an AED and the period of administration. 
Various AEDs have been tried, but the efficacy of each 
drug is difficult to assess because of the tendency toward 
spontaneous remission. Breakthrough seizure rates while 
on AED treatment were 11–37% and highest in the 
population where phenobarbital was mainly used (11). 
Recently, a once-daily dose of 5 mg/kg of carbamazepine 
has been reported to be highly effective for the treat-
ment of benign infantile convulsions (82) or convulsions 
with mild gastroenteritis (83). In contrast, diazepam is 
generally ineffective against clusters of seizures in benign 
infantile convulsions or convulsions with mild gastro-
enteritis (82, 84). Phenobarbital is considered effective 
against convulsions with mild gastroenteritis if used in a 
large dose, but its effect is not usually satisfactory (84). 
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Lidocaine in drip infusion or in the form of skin tape is 
reported to be more effective against CwG than diazepam 
or phenobarbital (85). For the treatment of BIC, it is 
recommended to administer the aforementioned dose of 
carbamazepine as quickly as possible, orally or through a 
nasogastric tube if oral administration is not possible. For 
BPEI, we previously recommended to administer an AED 
for one year or until the child reaches 3 years of age, as no 
seizures occurred after this age (38). But a shorter treat-
ment period may be feasible in view of the short period 
of seizure persistence in BPEI (average 3 months, range 
0–12 months) (39). Nelson et al (11) suggested weaning 
from AED 6 months after seizure onset in BPEI.

SYMPTOMATIC AND CRYPTOGENIC PARTIAL 
EPILEPSIES IN INFANCY

Etiology

Etiologies of symptomatic partial epilepsies in infants 
include focal cortical dysplasia (FCD), pachygyria, poly-
microgyria, low-grade dysplastic changes, heterotopic 
gray matter, schizencephaly, Sturge-Weber syndrome, 
tuberous sclerosis, hemimegalencephaly, with or without 
various neurocutaneous syndromes, dysembryoplastic 
neuroepithelial tumor, ganglioglioma, gangliocytoma, 
glialneuronal hamartoma, perinatal/postnatal insult, and 
hippocampal sclerosis with or without cortical dysplasia 
(18, 86–89). FCD is one of the most frequent causes of 
symptomatic partial epilepsy in infancy (27). Diffuse or 
bilateral cortical dysplasia is more often associated with 
generalized epilepsy, but not infrequently associated with 
partial epilepsies (90). Inborn errors of metabolism or 
chromosomal disorders may also induce partial seizures 
(91–93). Neonatal hypoglycemia may cause posterior 
cerebral lesions and symptomatic epilepsy, most frequently 
occipital lobe epilepsy (94). The syndrome of celiac dis-
ease, epilepsy, and cerebral calcifications is a rare clinical 
condition characterized by occipital seizures (95).

Surgical Treatment

The prognosis of symptomatic or cryptogenic partial epi-
lepsies of patients with onset under age 3 years is less favor-
able than for patients with onset at 3 years or more (96). 
The probability of seizure control steadily increased until 
15 years of treatment, but the cumulative probability of 
seizure control was small after 5 years of treatment. But 
epilepsy surgery should be considered in infants with 
refractory partial epilepsy as early as possible, because 
partial seizures in early infancy may be catastrophic 
and associated with poor long-term outcome. Repeated 
uncontrolled partial seizures in the first months of life may 
result in cognitive deterioration (97). Cortical resection or 

hemispherectomy can produce cessation or a dramatic 
reduction of seizures for highly selected infants with 
severe, intractable epilepsy and developmental delay (98). 
Identification of infants for surgery is often challenging, 
because seizure semiology may yield few clues to the par-
tial nature of the epilepsy in infants. The interictal EEG 
is often nonlocalizing, and ictal EEG may not be help-
ful. Neuroimaging with high-resolution MRI, interictal 
and ictal single-photon emission computed tomography 
(SPECT), and interictal positron emission tomography 
(PET) plays an important role in identifying an epileptic 
lesion. In infants as well as older patients, the location of a 
potentially resectable epileptogenic zone must be defined 
by convergence of results from video-EEG, anatomic and 
functional neuroimaging, and clinical examination (98). 
Diagnosis of focal cortical dysplasia may be especially 
difficult during infancy, when myelination is incomplete 
and MRI does not reveal the abnormality. Sometimes 
neuroimaging abnormalities are evident only in early life 
or for a limited period (99–101).

Seizure-free outcome has been reported to be about 
50–80% in infants who had cortical resection or hemi-
spherectomy for catastrophic partial epilepsy due to FCD, 
infantile spasms with focal or hemispheric lesions, Sturge-
Weber syndrome, ganglioglioma, or hemimegalencephaly 
(88, 98, 102–108). Catch-up developmental progress may 
be expected after surgery in some infants (98). A better 
developmental outcome is associated with early surgical 
intervention (109). The presence of a discrete lesion on 
preoperative neuroimaging correlated with a favorable 
surgical outcome (88). Seizure outcomes after surgery 
were less favorable in infants with FCD than for Sturge-
Weber syndrome or low-grade glioma, and patients with 
hemispherectomies had a better outcome than those with 
focal cortical resections (105–107).

Epilepsy with Periodic Spasms

This is a peculiar type of partial epilepsy in infants 
and children, characterized by an initial focal clinical 
manifestation or ictal focal discharges followed by a 
series of bilateral and asymmetrical spasms in periodic 
sequence (110). The interictal EEG showed focal or 
multifocal epileptiform discharges but never hypsar-
rhythmia. The ictal EEG demonstrated a slow wave 
with superimposed fast rhythm at 15–25 Hz. This dis-
order is resistant to treatment and is found only in 
patients affected by a brain disease consisting of a fixed 
or progressive encephalopathy.

Partial Epilepsy with Transient West Syndrome

Partial seizures may be combined with epileptic spasms 
in patients with West syndrome (111–119). In contrast to 
epilepsy with periodic spasms, the interictal EEG shows 
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hypsarrhythmia. Epilepsy with such combinations often 
starts with partial epilepsy in the neonatal period or early 
infancy and evolves into West syndrome, and it often will 
end up again in partial epilepsy, although it may evolve 
into Lennox-Gastaut syndrome (120).

Malignant Epilepsy with Migrating Partial 
Seizures in Infancy

This syndrome was first described by Coppola et al (121) 
and subsequently reported by several authors (122–126) and 
is characterized by onset between 1 day and 7 months of 
frequent or nearly continuous multifocal partial seizures,
intractability to conventional AEDs, lack of identifiable 
etiology, and progressive decline in psychomotor func-
tion. Interictal EEGs show diffuse slowing of the back-
ground activity with multifocal epileptiform discharges, 
which may be rare in the early stage of the disorder. Ictal 
EEGs display paroxysmal discharges occurring in various 
regions in consecutive seizures in a given patient. They 
start in one region and progressively involve the adjacent 
areas. The area of ictal onset shifts from one region to 
another and from one hemisphere to the other, with occa-
sional overlapping of consecutive seizures. The migratory 
feature of ictal discharges is not pathognomonic of the 
disorder and may be seen in BPEI with complex partial 
seizures (37). Most conventional AEDs have failed to 
control seizures, although bromides have been reported 
to be effective (122). The prognosis, although poor, is not 
uniformly grim as previously reported (126).

Symptomatic Partial Epilepsy with 
Subcortical Lesions

Gelastic Seizures due to Hypothalamic Hamartoma: Early-
onset gelastic seizures, in association with hypothalamic 

hamartoma and occasionally precocious puberty, are a 
rare but well-recognized epileptic syndrome (127, 128). 
Gelastic seizures most commonly begin in infancy, even in 
the neonatal period, and are brief, frequent, and mechani-
cal in nature (127). Seizures may either evolve toward a 
catastrophic encephalopathy or be transiently severe and 
progressively settle down. Intermediate situations also 
exist, as well as cases presenting with a mild epilepsy (129). 
Cognitive deterioration occurs, and severe behavior 
problems are frequent. The interictal EEG shows focal 
frontal or temporal spikes or generalized spike-waves. 
The ictal EEG demonstrates generalized fast rhythmic 
activity, generalized suppression of background activity, 
or both, sometimes preceded by single or multiple gen-
eralized spike-waves (127, 130). The variable expression 
of the epileptic syndrome renders difficult any dogmatic 
position on early surgery, but recent data suggest that a 
surgical solution must be sought early (129).

Hemifacial Seizures of Cerebellar Origin. Harvey et al (131) 
reported a 6-month old infant with daily episodes of left 
hemifacial contraction, head and eye deviation to the right, 
nystagmoid jerks to the right, autonomic dysfunction, 
and retained conscouness. The episodes began on day 1 
of life and were unresponsive to antiepileptic medication. 
Interictal and ictal scalp recordings were unremarkable. 
MRI revealed a mass in the left cerebellar hemisphere and 
middle cerebellar peduncle. Ictal SPECT revealed focal 
hyperperfusion in the region of the cerebellar mass. Ictal 
EEG recordings with implanted cerebellar electrodes 
demonstrated focal seizure discharges in the region of 
the mass. Resection of the mass resulted in remission of 
seizures, and histopathology revealed a ganglioglioma. 
They concluded that this patient constituted a rare but 
important clinicopathological syndrome of infancy char-
acterized by epileptic seizures of cerebellar origin.
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Febrile Seizures

he International League Against 
Epilepsy (ILAE) defined a febrile 
seizure as “a seizure in association 
with a febrile illness in the absence 

of a CNS infection or acute electrolyte imbalance in chil-
dren older than 1 month of age without prior afebrile 
seizures” (1) The temperature associated with the febrile 
illness must be greater than 38.4�C, although the tem-
perature may not be evident until after the seizure. Prior 
epidemiological studies have used either one month (2–8) 
or 3 months (9,10) as the youngest age of occurrence, 
while no specific upper age limit was employed. Febrile 
seizures have a peak incidence at about 18 months of age, 
are most common between 6 months and 5 years of age, 
and onset above age 7 is rare, although it does occur. The 
child may be neurologically normal or abnormal.

Febrile seizures can be classified as either simple or 
complex. A simple febrile seizure is isolated, brief, and 
generalized. Conversely, a complex febrile seizure is focal, 
multiple (more than one seizure during the febrile illness), or 
prolonged, lasting either more than 10 (2–6, 11) or 15 (9–11)
minutes. The child’s prior neurological condition is not 
used as part of the classification criteria (1, 12).

Shlomo Shinnar
Tracy A. Glauser

EPIDEMIOLOGY

Febrile seizures are the most common form of childhood 
seizures, affecting between 2% and 4% of children in the 
United States and Western Europe (4, 8, 9, 13–15), 9% to 
10% of children in Japan (16), and up to 14% of children 
in Guam (17). The peak incidence of febrile seizures is at 
approximately 18 months of age.

Most febrile seizures are simple. In a study of 428 
children with a first febrile seizure (11), at least one 
complex feature was noted in 35% of children, including 
focality (16%), multiple seizures (14%), and prolonged 
duration (�10 minutes, 13%). Five percent of the total 
group experienced a seizure lasting more than 30 minutes 
(i.e., febrile status epilepticus) (11). Despite febrile sta-
tus epilepticus representing only 5% of febrile seizures, 
it accounts for approximately one quarter of all episodes 
of childhood status epilepticus (18–23), and more than two 
thirds of status epilepticus cases in the second year of life (23).
The majority of febrile seizures do not occur at the onset 
of the fever. In the study of Berg et al, only 21% of the 
children experienced seizures either prior to or within 
one hour of the onset of fever; 57% had a seizure after 1 to 
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24 hours of fever, and 22% experienced their febrile seizure 
more than 24 hours after the onset of fever (5, 6).

Risk Factors for First Febrile Seizure

Two studies (24, 25) have examined risk factors associ-
ated with experiencing a febrile seizure (Table 19-1). In 
a 1993 case control population-based study, four fac-
tors were associated with an increased risk of febrile 
seizures: (1) a first- or second-degree relative with a his-
tory of febrile seizures, (2) a neonatal nursery stay of 
�30 days, (3) developmental delay, or (4) attendance at 
day care. There was a 28% chance of experiencing at 
least one febrile seizure for children with two of these 
factors (24). A second case control study examined the 
issue of which children with a febrile illness were most 
likely to experience a febrile seizure, using febrile controls 
matched for age, site of routine pediatric care, and date 
of visit (25). Significant independent risk factors, on a 
multivariable analysis, were the peak temperature and 
a history of febrile seizures in a first- or higher-degree 
relative. Gastroenteritis as the underlying illness appeared 
to have a significant inverse (i.e., protective) association 
with febrile seizures.

Risk Factors for Recurrent Febrile Seizures

Overall, approximately one-third of children with a first 
febrile seizure will experience a recurrence; 10% will 
have three or more febrile seizures (4–10, 14, 26–29). An 
assessment of various factors potentially associated with 
the recurrence of febrile seizures is shown in Table 19-2. 
The most consistent risk factors reported are a family 
history of febrile seizures and onset of first febrile sei-
zure at �18 months of age (4–7, 9, 10, 14, 26–29). This 
relationship is not due to a greater tendency to experi-
ence seizures with each specific illness, but rather to the 
longer period during which a child with a younger age of 

onset will be in the age group at risk for febrile seizures 
(27, 28, 30).

Two other definite risk factors for recurrence of 
febrile seizures are peak temperature (3–5, 27, 28, 31) 
and the duration of the fever prior to the seizure (3, 4). 
In general, the higher the peak temperature, the lower 
the chance of recurrence. In one study, those with peak 
temperatures of 101°F (38.3°C) had a 42% recurrence 
risk at one year, compared with 29% for those with peak 
temperature of 103°F (39.4°C) and only 12% for those 
with a peak temperature 
 105°F (40.6°C) (3, 4). Note 
that the risk factor is the peak temperature during the 
illness, not the temperature at the time of the seizure or 
at the time of presentation to the emergency department. 
The other risk factor related to the acute illness is dura-
tion of recognized fever, with a shorter duration of rec-
ognized fever associated with a higher risk of recurrence. 
The recurrence risk at one year was 46% for those with 
a febrile seizure within an hour of recognized onset of 
fever, compared with 25% for those with prior fever last-
ing 1 to 24 hours, and 15% for those having more than 
24 hours of recognized fever prior to the febrile seizure.

Children with multiple risk factors have the highest 
risk of recurrence (3, 27). A child with two or more risk 
factors has a greater than 30% recurrence risk at 2 years; 
a child with three or more risk factors has a greater than 
60% recurrence risk (3). In contrast, the 2-year recurrence 
risk is less than 15% for a child with no risk factors (e.g., 
older than 18 months with no family history of febrile 
seizures, who experiences a first febrile seizure associ-
ated with a peak temperature � 40°C [104°F] after a 

TABLE 19-1
Risk Factors for First Febrile Seizure

IN POPULATION (24)

– First- or second-degree relative with history of FS
– Neonatal nursery stay of �30 days
– Developmental delay
– Attendance at day care
– 2 of these factors  28% chance of at least 1 FS

IN CHILDREN WITH A FEBRILE ILLNESS (25)

– First- or second-degree relative with history of FS
– High peak temperature

TABLE 19-2
Risk Factors for Recurrent Febrile Seizures

DEFINITE RISK FACTOR

– Family history of FS
– Age �18 months
– Low peak temperature
– Duration of fever

POSSIBLE RISK FACTOR

– Family history of epilepsy

NOT A RISK FACTOR

– Neurodevelopmental abnormality
– Complex FS
– �1 complex feature
– Sex
– Ethnicity
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recognized fever of more than one hour) (3, 27). A recur-
rent febrile seizure is also more likely to be prolonged if 
the initial febrile seizure was prolonged (11, 27).

The relationship between a family history of unpro-
voked seizures or epilepsy and the overall risk of febrile 
seizure recurrence appears to be doubtful. Some studies 
report a modest increase in the risk of febrile seizure 
recurrence in children with a family history of unpro-
voked seizures, but a large study in Rochester, Minnesota, 
found no difference in recurrence risk between children 
with a family history of epilepsy (25%) and those with no 
such family history (23%) (4). Other studies have found 
equivocal results (5, 6, 27, 28).

The presence of a neurodevelopmental abnormality 
in the child, or a history of complex febrile seizures, have 
not been shown to be significantly associated with an 
increased risk of subsequent febrile seizures (4-7, 9, 11, 
27, 28). Ethnicity and sex have also not been associated 
with a clear increased risk of recurrent febrile seizures.

Risk Factors for Subsequent Epilepsy

The risk factors for developing epilepsy after febrile sei-
zures are summarized in Table 19-3. Following a single 
simple febrile seizure, the risk of developing epilepsy is 
not substantially different from the risk in the general 
population (2, 3, 9, 13, 32, 33).

Data from five large cohorts of children with febrile 
seizures indicate that 2% to 10% of children who have 
febrile seizures will subsequently develop epilepsy 
(2, 3, 9, 13, 32, 33). In each of these five large studies, 
the occurrence of a family history of epilepsy and the 
occurrence of a complex febrile seizure were associated 

with an increased risk of subsequent epilepsy (2, 3, 9, 
13, 32, 33). The occurrence of multiple febrile seizures 
was associated with a slight, but statistically significant, 
increased risk of subsequent epilepsy in two studies (2, 33). 
One study found that children with a febrile seizure 
that occurred within one hour of a recognized fever (i.e., 
at onset) had a higher risk for subsequent epilepsy than 
those children with a febrile seizure associated with 
longer fever duration (33). Two studies have found 
that very prolonged febrile seizures (i.e., febrile status 
epilepticus) were associated with an increased risk of 
subsequent epilepsy above that of a complex febrile 
seizure that was less prolonged (2, 33).

The number of complex features in a febrile seizure 
may possibly affect the risk of recurrence. Although one 
study found that patients with two complex features (e.g., 
prolonged and focal) had further increased risk of subse-
quent epilepsy (2), another study did not detect this asso-
ciation (33). A family history of febrile seizures, age at 
first febrile seizure, and the height of fever at first seizure 
are not associated with a differential risk of developing 
epilepsy (2, 3, 9, 32, 33). The only common risk factor for 
both recurrent febrile seizures and for subsequent epilepsy 
was duration of fever prior to the febrile seizure (5, 6, 33); 
this may be a marker for overall seizure susceptibility.

In general, the types of epilepsy that occur in chil-
dren with prior febrile seizures are varied and are not 
very different from those that occur in children without 
such a history (2, 34–36). Febrile seizures can also be the 
initial manifestation of specific epilepsy syndromes, such 
as severe myoclonic epilepsy of infancy (37).

It is controversial whether febrile seizures are simply an 
age-specific marker of future seizure susceptibility or have 
a causal relationship with the subsequent epilepsy (38, 39). 
Two factors support the former, and not the latter, inter-
pretation. There is not an increased incidence of epilepsy 
in populations with a high cumulative incidence of febrile 
seizures (e.g., 10% in Tokyo, Japan) (16). Secondly, no 
evidence exists that treatment of febrile seizures alters 
the risk of subsequent epilepsy (5, 40–43). However, 
newer data suggest that, while in most cases the link is 
not causal, there is a causal link between very prolonged 
febrile seizures, or febrile status epilepticus, and subse-
quent hippocampal injury, mesial temporal sclerosis, and 
temporal lobe epilepsy (44, 45).

MORBIDITY AND MORTALITY

The morbidity and mortality associated with febrile sei-
zures are extremely low. Multiple studies have demon-
strated no evidence of permanent motor deficits following 
febrile seizures or febrile status epilepticus (8–10, 19, 21, 
22, 46–49). No reports of acute deterioration of cogni-
tive abilities have been noted following febrile seizures, 

TABLE 19-3
Risk Factors for Subsequent Epilepsy

DEFINITE RISK FACTOR

– Neurodevelopmental abnormality
– Complex FS
– Family history of epilepsy
– Duration of fever

POSSIBLE RISK FACTOR

– �1 complex feature

NOT A RISK FACTOR

– Family history of FS
– Age at first FS
– Peak temperature
– Sex
– Ethnicity
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even in series limited to status epilepticus (21, 22, 47, 
48, 50–52). Three large studies have shown that cogni-
tive abilities and school performance of children with 
febrile seizures were similar to those of controls (46, 47, 
50, 53). Even prolonged febrile seizures do not appear 
to be associated with adverse cognitive outcomes (47, 
48, 50, 52).

No deaths were reported from the National Collab-
orative Perinatal Project (9, 10) or the British cohort study 
(8, 46, 47). The mortality of febrile status epilepticus in 
recent series is extremely low (19–22, 47–49, 51).

GENETICS

Genetic influences are evident in multiple studies. A posi-
tive family history of febrile seizures is a definite risk fac-
tor for both a first febrile seizure (24, 25) and recurrent 
febrile seizures (4–7, 9, 27, 28). Tsuboi reported a febrile 
seizure concordance rate of 56% in monozygotic and 
14% in dizygotic twins in a study of 32 twin pairs and 
673 sibship cases (54). Correlation of clinical symptoms, 
including age of onset and degree of fever, was larger 
in the twin pairs than in the sibship cases. A separate 
data set from Rochester, Minnesota, demonstrated similar 
results (55). Most likely, all children have some increased 
susceptibility to seizures from fever at the specific age 
window. Genetic influences are therefore likely to account 
for some, but not all, of the cases.

Overall, there appears to be a multifactorial mode 
of inheritance for febrile convulsions, but there may be a 
subset of children with an autosomal dominant mode of 
inheritance (55–57). To date, no definitive gene or locus 
for febrile seizure has been established. Some cases of 
febrile seizures in large families have been linked to genes 
on chromosomes 8 and 19 (56–58). A discussion of the 
relationship of febrile seizures and specific syndromes 
such as GEFS� is found in Chapter (20).

INITIAL EVALUATION

Meningitis, encephalitis, serious electrolyte imbalance, 
and other acute neurological illnesses must be excluded in 
order to make the diagnosis of a febrile seizure. A detailed 
history and physical and neurological examinations are 
essential and can eliminate many of those neurological 
conditions. Routine serum electrolytes, calcium, phos-
phorus, magnesium, complete blood count (CBC), and 
blood glucose are of limited value in the evaluation of a 
child above 6 months of age with a febrile seizure in the 
absence of a suspicious history (e.g., vomiting, diarrhea) 
or physical findings (14, 59–62).

The most common evaluation issue is whether a 
lumbar puncture is necessary to exclude meningitis. The 

incidence of meningitis in children who present with an 
apparent febrile seizure is between 2% and 5% (14, 60–67). 
In each of these series, the majority had identifiable risk 
factors. In one series, four features were noted in chil-
dren with meningitis: a visit for medical care within the 
previous 48 hours; seizures on arrival to the emergency 
room; focal seizure; or suspicious findings on physical 
or neurological examination (63). In the absence of risk 
factors, other authors have found a low yield for routine 
lumbar puncture (14, 64, 65, 67).

The American Academy of Pediatrics issued guide-
lines for the neurodiagnostic evaluation of a child with 
a simple febrile seizure between 6 months and 5 years 
of age (14). A lumbar puncture should be strongly con-
sidered in infants less than 12 months of age. Children 
between 12 and 18 months of age need careful assess-
ment, because the signs of meningitis may be subtle. In 
the absence of suspicious findings on history or exami-
nation, a lumbar puncture is not necessary in children 
above 18 months of age. A lumbar puncture is still 
recommended in children with a first complex febrile 
seizure, as well as in any child with persistent lethargy. 
It should also be strongly considered in a child who 
has already received prior antibiotic therapy. A recent 
practice parameter of the American Academy of Neurol-
ogy also recommends that a lumbar puncture be done in 
children with status epilepticus and fever (68). Any CSF 
pleocytosis is of concern, because, even in children with 
febrile status epilepticus,more than 4 or 5 white blood 
cells (WBCs) per mm3 are very uncommon (69).

Skull X-rays are of no value. Computed tomogra-
phy (CT) scans are also of limited benefit in this clini-
cal setting and are used when there is concern about 
increased intracranial pressure or when trauma is sus-
pected. Magnetic resonance imaging (MRI) scans are not 
indicated in children with a simple febrile seizure (14). 
It is unclear whether or not an MRI study is indicated 
in the evaluation of a child with a prolonged or focal 
febrile seizure (39, 70). Recent data do indicate that a 
number of children with prolonged febrile seizures will 
have acute changes in the hippocampus seen on MRIs 
done within a few days of the episode (44, 45, 70), but 
at this point such imaging has not yet become routine 
practice.

Electroencephalograms (EEG) are of limited value 
in the evaluation of the child with febrile seizures 
(14, 71–74). EEGs are more likely to be abnormal in 
older children, children with preexisting neurodevelop-
mental abnormalities, children with a family history of 
febrile seizures, or children with a complex febrile seizure 
(36, 71, 73, 75–78). Even if present, the clinical signifi-
cance of these EEG abnormalities is unclear. There is 
no evidence so far that EEG abnormalities help predict 
either recurrence of febrile seizures or the development 
of subsequent epilepsy (14, 36, 71, 73, 75–79), though 
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preliminary data from an ongoing study suggest a high 
rate of significant EEG abnormalities in children with 
very prolonged febrile seizures (80).

PATHOPHYSIOLOGY

In general, febrile seizures appear to be an age-specific 
occurrence, where increased susceptibility to seizures is 
induced by fever. However, the detailed pathophysiology 
remains unclear. Decades ago, the key factor was thought to 
be the rate of rise of the fever (81); recent data suggest that 
the key factor is the actual peak temperature (25, 82). Gas-
troenteritis is associated with a lower incidence of febrile 
seizures (25), whereas herpesvirus-6 infections have had a 
high reported association with febrile seizures (83–85).

Animal models of febrile seizures also show an 
age-dependent effect (86–89). In addition, in vitro prepa-
rations show induction of epileptiform activity by temper-
ature elevation in hippocampal slices in young rats (90). 
Recent animal data from Baram and colleagues suggest 
that prolonged febrile seizures may lead to long-lasting 
changes in the hippocampal circuits. In a rat model of 
prolonged febrile seizures, cytoskeletal changes in neurons 
were evident within 24 hours and persisted for several 
weeks without leading to cell loss (91). However, altered 
functional properties of these injured neurons were evi-
dent (92, 93). Nevertheless, even in this model, which 
has produced convincing data for functional changes, 
a seizure duration of 20 minutes or more was required. 
Seizures lasting 10 minutes or less were not associated 
with any anatomic or functional changes.

As may be the case in humans, animals with pre-
existing neurological abnormalities are more suscep-
tible to seizures and to their consequences. Young rats 
with neuronal migration disorders appear more sus-
ceptible to hyperthermia-induced seizures (87) and are 
also more susceptible to hippocampal damage. Inter-
estingly, in this model, hippocampal damage occurs 
with hyperthermia even in the absence of seizures. The 
availability of animal models provides a new means of 
studying the pathophysiology of febrile seizures and 
their consequences.

FEBRILE SEIZURES AND MESIAL 
TEMPORAL SCLEROSIS

It remains controversial whether prolonged febrile sei-
zures cause mesial temporal sclerosis (MTS) (39, 52). Ret-
rospective studies (from tertiary epilepsy centers) report 
that many adults with intractable mesial temporal lobe 
epilepsy had a history of prolonged or atypical febrile 
seizures in childhood (94–100). However, both popula-
tion-based studies and prospective studies of children 

with febrile seizures have failed to find this association 
(2, 8, 9, 13, 33, 38, 47).

In those studies that reported an association between 
prolonged febrile seizures and MTS, the duration of the 
febrile seizures was extremely prolonged. Maher and 
McLachlan (101) reported on a large family with a high 
rate of both febrile convulsions and temporal lobe epi-
lepsy. The mean duration of the febrile seizures in those 
who subsequently developed temporal lobe epilepsy was 
100 minutes. Van Landingham et al (70) reported that few 
children with very prolonged (mean of �90 minutes) focal 
febrile seizures had acute changes on an MRI, which, in 
some cases, was followed by later chronic changes (70). 
However, these MRI changes only occurred in a small 
minority of patients. Furthermore, all cases of MTS in 
this study occurred in patients who had focal seizures, 
some of whom also had focal lesions, which raises the 
question of preexisting focal pathology.

Overall, febrile seizures are not likely to account 
for the majority of cases of MTS. Febrile seizures lasting 
more than 90 minutes are very rare and are uncommon 
even in series of febrile status epilepticus (9, 11, 15, 21, 
22, 33, 47, 48, 50, 51, 70, 102). Very prolonged febrile 
seizures are also usually focal (70, 102). In cases of febrile 
status epilepticus, imaging abnormalities are relatively 
uncommon (70). MTS can also be found in many patients 
who have no prior history of febrile seizures (103–108). 
Recent clinico-pathological studies have also provided 
evidence for multiple etiologies for MTS, as well as the 
frequent presence of dual pathology, such as subtle migra-
tion defects (105–108).

More recent studies do suggest that prolonged 
febrile seizures can cause acute hippocampal injury in 
20–30% of cases and that these may lead to hippocampal 
volume loss and MTS (44, 45, 109). An ongoing multi-
center study currently in progress should eventually pro-
vide the answers to the relationship between prolonged 
febrile seizures and subsequent MTS and temporal lobe 
epilepsy (109).

TREATMENT

Overview

Two distinct approaches to the treatment of febrile 
seizures have developed based on the perceived immedi-
ate and long-term risks of febrile seizures. One approach 
is based on the old idea that febrile seizures are harm-
ful and may lead to the development of epilepsy; this 
approach is aimed at preventing febrile seizures by 
using either intermittent or chronic treatment with med-
ications (72, 110, 111). The second approach is based on 
the epidemiological data that febrile seizures are benign; 
the only concern focuses on aborting febrile seizures to 
prevent status epilepticus.
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Stopping a Febrile Seizure

In Hospital

Ongoing seizure upon arrival in the emergency 
department is an indication for initiating therapy. Intrave-
nous diazepam is effective in most cases (20, 112). Rectal 
diazepam or diazepam gel would also be appropriate for use 
in a prehospital setting, such as an ambulance, and in cases 
where intravenous access is difficult (20, 113–115). Other 
benzodiazepines, such as lorazepam, may also be effective 
but have not been adequately studied (20, 112). If the seizure 
continues after an adequate dose of a benzodiazepine, a full 
status epilepticus treatment protocol should be 
initiated (20, 112).

At Home

The majority of febrile seizures are brief, lasting less 
than 10 minutes, and no intervention is necessary. Rectal 
diazepam or diazepam gel has been shown to be effective 
in terminating febrile seizures and is the therapy of choice 
for intervention outside the hospital (113–115). It should 
be used with caution, and only by reliable caregivers who 
have been trained in its use. Families with children at high 
risk for, or with a history of, prolonged or multiple febrile 
seizures (11), and those who live far from medical care, are 
excellent candidates to have rectal diazepam or diazepam 
gel readily available in their homes. For many families, the 
availability of a rectal diazepam formulation will relieve 
anxiety, even after a single febrile seizure, even though 
they will most likely never have to use it (116–118).

Preventing a Febrile Seizure

Intermittent Medications at Time of Fever

Antipyretics. Despite the logical assumption that 
aggressive treatment with antipyretic medication would 
reduce the risk of having a febrile seizure, and the find-
ing of case control studies that the risk of a febrile sei-
zure is directly related to the height of the fever (25, 82), 
there is little evidence to suggest that antipyretics reduce 
the risk of a recurrent febrile seizure (66, 119). It should 
be recalled that the children in whom the febrile seizure 
occurs at the onset of the fever have the highest risk 
of recurrent febrile seizures (5, 6). Any recommenda-
tions for antipyretic therapy should take into account 
its limitations and avoid creating undue anxiety and 
guilt in the parents.

Benzodiazepines. Diazepam, given orally or rec-
tally at the time of onset of a febrile illness, has demon-
strated a statistically significant, yet clinically modest, 
ability to reduce the probability of a febrile seizure (26, 
120–124). In one large, randomized trial comparing 
placebo with oral diazepam (0.33 mg/kg/dose every 8 
hours with fever), 22% of the diazepam-treated group 

had seizure recurrence by 36 months, compared with 
31% of the placebo-treated group (124). One must 
weigh this modest reduction in seizure recurrence with 
the side effects of sedating children every time they have 
a febrile illness.

Barbiturates. Intermittent therapy with phenobar-
bital at the onset of fever is ineffective in reducing the risk 
of recurrent febrile seizures (125, 126). Surprisingly, it is 
still fairly widely used for this purpose (72, 110, 111).

Daily Medications

Barbiturates. Phenobarbital, given daily at doses 
that achieve a serum concentration of 15 µg/mL or higher, 
has been shown to be effective in reducing the risk of 
recurrent febrile seizures in several well-controlled trials 
(119, 122, 123, 127–130). However, in these studies, a 
substantial portion of the children had adverse effects, 
primarily hyperactivity, which required discontinuation 
of therapy (131–133). More recent studies have cast some 
doubt on the efficacy of the drug and, more importantly, 
have raised concerns about potential long-term adverse 
effects on cognition and behavior (131, 134). Chronic 
phenobarbital therapy is rarely indicated, as the risks 
seem to outweigh the benefits in most cases.

Valproate. Daily treatment with valproic acid is 
effective in reducing the risk of recurrent febrile seizures 
in both human and animal studies (89, 123, 129, 130). 
However, it is very rarely used, because children consid-
ered most often for prophylaxis (young and/or neurologi-
cally abnormal) are also the ones at highest risk for fatal 
idiosyncratic hepatotoxicity (135, 136).

Other AEDs. Despite evidence of effectiveness 
when used in intermittent therapy, there is no experi-
ence with chronic use of benzodiazepines for treatment of 
febrile seizures. Even if effective, benzodiazepines’ toxic-
ity and adverse effect profile would likely preclude their 
widespread use in this setting. Phenytoin and carbamaze-
pine are ineffective in preventing recurrent febrile seizures 
in humans and in animal models of hyperthermia-induced 
seizures (89, 127, 128, 137). There are no published data 
on the efficacy of the newer AEDs, such as gabapentin, 
lamotrigine, topiramate, tiagabine, or vigabatrin, in the 
treatment of febrile seizures.

Preventing Epilepsy

There is no evidence that preventing febrile seizures 
will reduce the risk of subsequent epilepsy. One ratio-
nale for starting chronic antiepilepsy therapy in children 
with febrile seizures was to prevent the development of 
future epilepsy (72, 110, 111). In three studies comparing 
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placebo with treatment (either with daily phenobarbital 
or with diazepam administered at the onset of fever), 
treatment significantly and substantially reduced the risk 
of febrile seizure recurrence, but the risk of later devel-
oping epilepsy was no lower in the treated groups than 
in the controls (26, 40–43, 126). No difference in the 
occurrence of epilepsy, or in school performance or other 
cognitive outcomes, was seen between the treated group 
and control group in two of these studies with more than 
10 years of follow-up (40, 41).

Therapy Recommendations

A recent practice parameter by the American Academy 
of Pediatrics suggests that the best treatment for simple 
febrile seizures is reassurance of the parents regarding 
their benign though frightening nature (138). The authors 
wholeheartedly agree that treatment is only rarely indi-
cated for a simple febrile seizure. In fact, no treatment 
is needed in most children with complex febrile seizures. 
Because the data suggest that only prolonged febrile sei-
zures are associated with hippocampal injury and may 
be causally linked to subsequent epilepsy (39, 44), a ratio-
nal goal of therapy would be to prevent very prolonged 
febrile seizures. When treatment is indicated, particularly 
in those at risk for prolonged or multiple febrile seizures 
(11) or those who live far away from medical care, rectal 
diazepam or diazepam gel used at the time of seizure as 
an abortive agent would seem the most logical choice 
(20, 112–115). Daily medications or benzodiazepines at 
the time of fever are rarely used in the management of 
febrile seizures.

Counseling and Education

Counseling and education will be the sole treatment for 
the majority of children with febrile seizures. Education 
is key to empowering the parents, who have just experi-
enced a very frightening and traumatic event (139). Many 
parents, even of children with a simple febrile seizure, 

are afraid that their child could have died (140). Parents 
need to be reassured that the child will not die during a 
seizure and that keeping the child safe during the seizure 
is generally the only action that needs to be taken.

The basic facts about febrile seizures should be pre-
sented to the family. The amount of information and 
the level of content will depend largely on the medical 
sophistication of the parents and their ability to attend 
to the information given to them at that particular time. 
The parents’ perception of their child’s disorder will be an 
important factor in their later coping and will ultimately 
impact on their perception of quality of life (139).

Parents will usually be interested in information that 
will help them manage the illness or specific problems; 
lengthy explanations are usually not helpful. Informa-
tion should be provided about how to manage further 
seizures should they occur. This should include what to 
do during a seizure, when it may be necessary to call the 
physician, and when the child should be taken to the 
emergency department.

In those cases where rectal diazepam or diazepam 
gel is being recommended for the next seizure, explicit 
instructions regarding its use should be given. As it is 
difficult to absorb all this information in an emergency 
department setting, it is usually advisable to see the family 
again a few weeks later to review the information and 
answer any additional questions they may have.

CONCLUSION

Febrile seizures are the most common of childhood 
seizures and are usually benign. There is accumulating 
evidence that prolonged febrile seizures lasting more 
than 30 minutes may have long-term consequences. 
An understanding of the natural history and progno-
sis will enable the physician to reassure the families 
and provide appropriate counseling and management 
while avoiding unnecessary diagnostic and therapeutic 
interventions.
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Generalized Epilepsy 
with Febrile Seizures 
Plus (GEFS�)

eneralized epilepsy with febrile sei-
zures plus (GEFS�) was defined by 
Scheffer and colleagues in 1997 and 
was based upon a very careful and 

extensive examination of large families with multiple 
affected individuals (1). Family members had febrile sei-
zures alone (FS); febrile seizures “plus,” meaning febrile 
seizures beyond the typical age limit of 6 years, or a 
history of febrile seizures along with afebrile generalized 
seizures; or afebrile seizures. Early descriptions of the 
afebrile seizures in these individuals highlighted general-
ized seizures including absence, convulsions, myoclonus, 
and atonic seizures. Later descriptions included a richer 
variety of seizures and epilepsy syndromes. Perhaps the 
most startling revelation was the fact that some fami-
lies contained children with severe epilepsies, includ-
ing myoclonic-astatic epilepsy (MAE) as described by 
Doose, Dravet syndrome, temporal lobe epilepsy, and 
infantile spasms. It was quickly recognized that this was 
a very important contribution to our understanding of 
the genetic contributions to epilepsy. Some characteris-
tics appeared to be inherited in an autosomal dominant 
fashion, but the extremely broad clinical spectrum of 
affected individuals in some families strongly suggested 
polygenic contributions. These genetic influences may 
involve complex interactions among susceptibility genes, 
modifier genes, and the environment.

Douglas R. Nordli, Jr.
John M. Pellock

EPIDEMIOLOGY

The discovery of GEFS� postdates many of the classic 
and extensive epidemiological studies of childhood epi-
lepsy. The original patients were described in large family 
kindreds, which are undoubtedly quite rare. GEFS� more 
commonly presents in small families, or perhaps with 
spontaneous mutations where the genetic contributions 
are probably not appreciated by the physicians caring for 
the patients, unless the individual presents with a severe 
phenotype, such as Dravet syndrome, and undergoes 
SCN1A testing. These facts, coupled with the large and 
diverse clinical spectrum of the disorder, make it difficult 
to establish the precise incidence and prevalence. It is 
nevertheless clear that families with GEFS� have been 
confirmed in many different regions of the world with 
diverse racial backgrounds and that the phenomenon is 
not isolated to a restricted gene pool. There is no clear 
gender preponderance.

CLINICAL MANIFESTATIONS

The clinical manifestation of GEFS� are diverse (1, 2). 
The commonest phenotype is typical febrile seizures, 
defined as convulsions in the setting of fever (above 38°C) 
in children between the ages of 3 months and 6 years. The 
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second most common phenotype is febrile seizures plus, 
which indicates that febrile seizures continued beyond 
6 years of age or that there were afebrile convulsions in 
addition to the febrile seizures. The least common phe-
notype was isolated afebrile convulsions in childhood. 
Generalized seizure types seen include absence, atonic, 
and myoclonic seizures. Focal seizures arising from the 
temporal or frontal regions have also been reported (3).

Two of the most severe phenotypes reported in 
families with GEFS� include MAE, as described by 
Doose and colleagues, and Dravet syndrome. About one 
third of children with myoclonic-astatic epilepsy have 
a history of febrile seizures. Boys are more commonly 
affected. Myoclonic-astatic seizures are the commonest 
manifestation, but myoclonic, atonic, absence, and gen-
eralized clonic-tonic-clonic seizures are also observed. 
Tonic seizures may be present, particularly during the 
night, and nonconvulsive status epilepticus is also seen. 
Generalized spike-wave discharges are common, as are 
rhythmic bursts of biparietal theta activity. Many patients 
will go into remission with several years of onset, but the 
outcome is variable, and some patients will be left with 
substantial cognitive disabilities (4).

Children with Dravet syndrome typically present 
in the first year of life with febrile hemiclonic seizures 
or generalized convulsions (5). Children then develop 
a variety of afebrile seizures including absence, atonic, 
myoclonic, or focal seizures. The electroencephalogram 
(EEG) may initially show focal spikes in the posterior 
derivations, but later, generalized spike-wave discharges 
develop in most individuals, and a photoparoxysmal 
response may be seen in some.

EEG FEATURES

EEG backgrounds are usually normal. Interictal features 
appear to vary according to the clinical phenotype. Those 
individuals with febrile seizures alone often have normal 
EEGs (1). Those with febrile seizures and generalized 
afebrile seizures may have generalized spike-wave dis-
charges. Patients with the MAE or Dravet phenotype 
have the corresponding EEG features. Patients with focal 
seizures may have focal spikes, or focal slowing (3).

PATHOPHYSIOLOGY

The pathophysiology of GEFS� has been well studied. 
Mutations involving three different genes have been 
shown to be relevant, but these genes alone cannot 
explain the large phenotypic variety seen in the families 
of affected individuals. It is likely that other genes yet to 
be discovered, the environment, or both play additional 
roles in determining the phenotype. It has been speculated 

that a fuller knowledge of these interactions may illumi-
nate important pathophysiological mechanisms in other 
forms of epilepsy.

These genes involved in GEFS� encode the gamma-
aminobutyric acid A (GABAA) receptor and the neuronal 
sodium channel. The gene encoding the alpha1 subunit 
of the sodium channel, SCN1A, is the most frequently 
mutated in GEFS�. This subunit has four domains, which 
create the pore of the channel, a voltage sensor, and an 
anchor to the axonal membrane. Missense mutations are 
found at may different loci and may cause gain of func-
tion, loss of function, or no discernable change in the 
channel properties (6–8). Mutations of the beta subunit, 
SCN1B, have also been found, but these are less common (9). 
The mutations effect an extracellular portion of the pro-
tein that is important in altering properties of the channel. 
Finally, mutations of the gene that encodes the GABAA
receptor are reported in GEFS�. These mutations involve 
the gamma2 subunit, GABRG2, and the delta subunit, 
GABRD (10, 11). These mutations are the most rare in 
GEFS� but may be of particular importance because of 
their association with idiopathic generalized epilepsies.

DIAGNOSTIC EVALUATION AND 
DIFFERENTIAL DIAGNOSIS

Patients with febrile seizures are common, and as many as 
15–20% of all patients with epilepsy have had febrile sei-
zures. The main features suggesting GEFS� are a positive 
family history, the persistence of seizures beyond 6 years 
of age, and the coexistence of other, afebrile seizures (see 
Table 20-1). The evolution to severe forms of epilepsy 

TABLE 20-1
Features of GEFS�

Positive Family History

Febrile Seizures �
Starting earlier than typical febrile seizures 
(before 6 months)

 Continuing longer than usual (above age 6 years)

Generalized Epilepsy (from early to mid-childhood)
 Brief nonfebrile generalized convulsions
 Absences
 Myoclonic jerks
 Tonic seizures

Focal Seizures
 May be seen, mostly of frontal or temporal origin

Severe Epilepsies (May Be Associated)
 Dravet syndrome
 Myoclonic-astatic epilepsy
 West syndrome
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is most likely to be phenotypically consistent with Dra-
vet syndrome or MAE. Genetic testing for SCN1A gene 
mutations (targeted at identification of individuals with 
the severe or Dravet phenotype) is now commercially 
available in the United States.

TREATMENT

The large amount of emerging information regarding the 
pathogenesis of the seizures in GEFS� should ultimately 
direct the development of rational therapies for patients 
with GEFS�. So far, though, such recommendations are 
lacking (12). Patients at risk for prolonged or repeated 
febrile seizures may be prescribed rectal diazepam to be 
used as needed for these circumstances. There are no for-
mal guidelines for determining when, if ever, one should 

initiate prophylactic treatment in children with repeated 
febrile seizures, particularly those whose febrile seizures 
are persisting beyond the expected age cutoff of 6 years. 
Treatment of patients with repeated afebrile seizures 
would depend upon the seizure type. Treatment of Dravet 
syndrome and MAE is described in Chapter 17.

COURSE AND PROGNOSIS

The course is generally favorable. The majority of patients 
do not have refractory epilepsies, and their epilepsy, if it 
develops, usually spontaneously remits, often by mid-
childhood (2). Patients with a clinical phenotype consis-
tent with Dravet syndrome have a severe prognosis, and 
those with MAE must be considered to have a guarded 
prognosis.
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Lennox-Gastaut Syndrome

mong the numerous epileptic syn-
dromes occurring during childhood, 
a subset is characterized by severe, 
treatment-resistant seizures, usually 

associated with progressive loss of higher intellectual 
functions and characteristic electroencephalogram (EEG) 
abnormalities. These age-dependent epileptic syndromes 
are often called encephalopathic epilepsies or epileptic 
encephalopathies, a descriptive terminology that does 
not shed light on their underlying pathophysiologies or 
specific etiologies. It has been proposed that these syn-
dromes are age-specific epileptic reactions to nonspecific 
and diverse exogenous insults (1). This subgroup of pedi-
atric epilepsy syndromes includes early infantile epileptic 
encephalopathy with suppression-burst (EIEE, Ohtahara 
syndrome) and infantile spasms (West syndrome), both 
of which are discussed in detail elsewhere in this book 
(Chapters 15 and 16). The focus of this chapter is on 
childhood epileptic encephalopathy with diffuse slow 
spike-and-waves (Lennox-Gastaut syndrome, or LGS).

HISTORY

The clinical manifestations of the Lennox-Gaustat syn-
drome have been recognized for more than two centuries. 
In 1772, Tissot described a mentally retarded boy who 

Diego A. Morita
Tracy A. Glauser

had multiple daily brief motor seizures with drop attacks 
(2). In 1886, Jackson reported a young child who had 
been having stiffening spells (with subsequent falling and 
facial injury), occurring 20 to 50 times a day, since the 
age of 2 years (2). In the early twentieth century, Hunt 
reported more than 10 patients suffering abrupt loss of 
postural tone, resulting in falls with subsequent signifi-
cant facial and knee injuries (2).

With the advent of the EEG, neurologists began to 
look at clinical-electrographic correlates (both ictal and 
interictal) in patients with epilepsy. In 1935, the 3-Hz 
spike-and-wave discharge associated with “petit mal” 
seizures was first described by Gibbs, Davis, and Lennox 
(3). Subsequently, in 1939, Gibbs, Gibbs, and Lennox iden-
tified a similar, yet slower pattern (approximately 2 per 
second) and proposed to call it a “petit mal variant” to 
distinguish it from the classic 3-Hz spike and wave (4).

In 1945, Lennox assembled the clinical manifesta-
tions and the EEG manifestations into the first semblance 
of the electroclinical syndrome (5) that we now call child-
hood epileptic encephalopathy with diffuse slow spike-
and-waves, or the Lennox-Gastaut syndrome. Lennox’s 
triad consisted of the slow spike-and-wave interictal 
EEG pattern, mental retardation, and three types of sei-
zures considered characteristic: myoclonic jerks, atypi-
cal absence, and “drop attacks” (also known as akinetic 
seizures or astatic seizures) (2, 5–7).

A
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This constellation of symptoms initially was not 
given a formal syndrome name. Renewed interest in this 
syndrome began in 1964, when Sorel and Doose each 
described about 20 cases (8, 9). Three meetings held in 
Marseille (the 13th, 14th, and 16th Symposia of Marseille 
in 1964, 1966, and 1968, respectively) examined the syn-
drome in depth (2). After the first meeting ended with 
divergent views on the subject, multiple investigators 
sought to better define the electroclinical manifesta-
tions of this syndrome (2). Dravet, in her doctoral thesis 
in 1965 and two subsequent papers in 1966, reported 
the results of these intensive studies (10–12). The 1966 
Marseille meeting culminated in the proposal to name the 
syndrome the Lennox-Gastaut syndrome, acknowledging 
the significant contributions of both the United States and 
French groups to the understanding of the syndrome (2). 
The 1968 meeting in Marseille reinforced the existence 
of this syndrome in each of the participants’ countries 
and solidified its position in the pantheon of epileptic 
syndromes (2).

The importance of recognizing patients with LGS 
increased in the early 1990s, when this population was 
identified as a target group to participate in trials of 
investigational antiepileptic drugs (AEDs). The factors 
contributing to the targeting of this group for study with 
investigational AEDs include their high daily seizure fre-
quency, the lack of very effective therapy, and the desire 
to examine safety and efficacy issues for investigational 
AEDs in pediatric populations before general release.

The current definition of LGS by the Interna-
tional League Against Epilepsy (ILAE) classification is 
as follows (13):

LGS manifests itself in children aged 1–8 years, but 
appears mainly in preschool-age children. The most 
common seizure types are tonic-axial, atonic, and 
absence seizures, but other types such as myoclonic, 
generalized tonic-clonic seizures (GTCS), or partial 
seizures are frequently associated with this syndrome. 
Seizure frequency is high, and status epilepticus is 
frequent (stuporous states with myoclonias, tonic 
and atonic seizures). The EEG usually has abnormal 
background activity, slow spike-and-waves �3Hz and, 
often, multifocal abnormalities. During sleep, bursts of 
fast rhythms (10 Hz) appear. In general, there is mental 
retardation. Seizures are difficult to control, and the 
development is unfavorable. In 60 percent of cases, the 
syndrome occurs in children suffering from a previous 
encephalopathy, but is primary in other cases.

A triad of basic elements needed to make a diagnosis of 
LGS is usually stated based on this definition, coupled 
with clinical experience and research:

 1. Multiple types of seizures including tonic seizures, 
atypical absences, and atonic seizures; 

 2. An EEG pattern consisting of interictal diffuse slow 
spike-and-wave discharges occurring at a 1.5- to 
2-Hz frequency

 3. Diffuse cognitive dysfunction and/or mental retarda-
tion (2, 13–18)

There is abundant discussion among epileptolo-
gists about the minimal necessary and sufficient criteria 
to diagnose a patient with LGS. Some investigators do 
not consider cognitive dysfunction or mental retarda-
tion indispensable for diagnosis, especially at onset, if the 
seizures and EEG pattern are typical (15, 19–21). Other 
authors use a stricter EEG criterion, requiring that the 
diagnostic EEG pattern include bursts of generalized fast 
spikes (10 Hz) during non-rapid-eye movement (NREM) 
sleep (22).

Ohtahara proposed a more comprehensive set of 
diagnostic criteria consisting of indispensable, supportive, 
and suggestive criteria (19). The indispensable criteria 
are the combination of tonic seizures, atypical absences, 
atonic seizures, myoclonic seizures, and astatic seizures, 
with an interictal EEG pattern of diffuse slow spike-
and-waves. Mental retardation, bursts of generalized 
fast spikes (10 Hz) during NREM sleep, onset in early 
childhood, and treatment-resistant seizures are among 
the supportive features (19).

In the 2001 ILAE proposal for classification and 
terminology of seizures and epilepsy, LGS was classi-
fied as an epileptic encephalopathy in which the epi-
leptiform abnormalities may contribute to progressive 
dysfunction (23).

EPIDEMIOLOGY

Overall, LGS accounts for 1% to 4% of all cases of child-
hood epilepsy, but 10% of cases that start in the first 
5 years of life (20, 21, 24–30). Epidemiological studies 
in the Western or industrialized world (Israel, Spain, 
Estonia, Italy, and the United States) demonstrated that 
the proportion of LGS seems relatively consistent across 
various populations (21, 25–28). The annual incidence 
of LGS in childhood is 2 per 100,000 children (30, 31). 
The prevalence of LGS ranges from 0.1 to 0.28 per 1,000 
in Europe and the United States (21, 31–33).

The prevalence and percentage of LGS in mentally 
retarded children were reported as 0.06 per 1,000 and 
7%, respectively (29). The proportion of LGS in insti-
tutionalized patients with mental retardation is as high 
as 16.3% (34).

Males are affected more often than females. Most 
studies do not report this gender difference to be sta-
tistically significant, but in an epidemiological study 
in Atlanta, Georgia, the difference between males and 
females was significant (P � 0.005) (21, 30, 35, 36). The 
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relative risk of occurrence of LGS is significantly higher 
in boys (prevalence rate, 0.1 per 100 for boys, 0.02 per 
1,000 for girls; rate ratios 5.31; 95% confidence interval, 
1.16–49.35) (32). There are no racial differences in the 
occurrence of LGS (21). The mean age at epilepsy onset 
is 26 to 28 months (range, 1 day–14 years) (20, 36). The 
peak age at epilepsy onset is older in the symptomatic 
LGS group, but the difference in age of onset between 
the group with a history of West syndrome compared 
with the group without such a history was not signifi-
cant. The average age at diagnosis of LGS in Japan was 
6 years (range, 2–15 years) (20). Compared with other 
patients with less severe epilepsies, patients with LGS 
have a younger age of onset of epilepsy (30).

Lennox-Gastaut syndrome can be classified accord-
ing to its suspected etiology as either idiopathic or symp-
tomatic. Patients may be considered to have idiopathic 
LGS if there is normal psychomotor development before 
the onset of symptoms, if there are no underlying dis-
orders or definite presumptive causes, and if there are 
no neurologic or neuroradiologic abnormalities (19). In 
contrast, patients have symptomatic LGS if there is an 
identifiable cause for the syndrome.

Population-based studies found that 22% to 30% 
of patients have idiopathic LGS, and 70% to 78% 
have symptomatic LGS (19, 20, 35, 37). Examples of 
underlying pathologies responsible for symptomatic 
LGS include encephalitis/meningitis, tuberous sclerosis, 
brain malformations (e.g., cortical dysplasias), birth 
injury, hypoxic-ischemic injury, frontal lobe lesions, 
and trauma (18, 19, 38). Infantile spasms precede the devel-
opment of LGS in 9% to 41% of cases (14, 21, 38).

Some investigators add “cryptogenic” as a different 
etiological category, in which there is no identified cause 
when a cause is suspected and the epilepsy is presumed to 
be symptomatic. In an epidemiological study in Atlanta, 
Georgia, 44% of all LGS patients were classified in the 
cryptogenic group (21). Reports of a family history of 
epilepsy and febrile seizures for patients with LGS range 
from 2.5% to 47.8% (noted in a series of 23 patients 
with cryptogenic LGS) (35, 36).

CLINICAL MANIFESTATIONS

Before onset, 20% to 30% of children with LGS are free 
from neurologic and neuropsychologic deficits. These 
problems inevitably appear during the evolution of LGS. 
Factors associated with mental retardation are symptom-
atic LGS, a previous history of West syndrome, onset of 
symptoms before 12 to 24 months of age, and higher 
seizure frequency (18, 35, 37, 39).

The average intelligence quotient (IQ) in a series 
of 72 patients with LGS followed up for more than 
10 years was significantly lower in the symptomatic 

group than in the cryptogenic group (20, 40). At the 
time of the first examination, the IQ showed a variable 
degree of mental retardation in 66% of the cryptogenic 
group and in 76% of the symptomatic group. At the 
last examination, mental retardation was found in 95% 
of the cryptogenic group and in 100% of the symptom-
atic group (20). A significant correlation exists between 
age of onset of seizures and mental deterioration, with 
a favorable cognitive outcome more likely to occur 
in patients with a later age of LGS onset (40). In one 
study, almost 98% of the patients who had the onset 
of seizures before age 2 years, and 63% of those with 
onset after the age of 2 years, had definite cognitive 
impairment (39). In some patients with LGS, mental 
retardation could be a result of nonconvulsive status 
epilepticus (41).

Psychiatric symptoms in young children consist of 
mood instability and personality disturbances, whereas 
slowing or arrest of psychomotor development and edu-
cational progress characterize the neuropsychological 
symptoms. Character problems predominate in older 
children, and acute psychotic episodes or chronic forms 
of psychosis with aggressiveness, irritability, or social 
isolation may occur (35). Prolonged reaction time and 
information processing are the most impaired of the 
cognitive functions (18). Kaminska et al found that the 
main characteristics of mental deterioration were apa-
thy, memory disorders, impaired visuomotor speed, and 
perseveration (42). The major electrographic abnormali-
ties associated with LGS may account for some of the 
abnormalities found in higher intellectual functions. 
Commonly, the epileptiform discharges are frequent 
and may affect the ability of the patient to engage with 
the surroundings (43).

Several types of seizures occur in LGS including 
tonic, atonic, myoclonic, and atypical absences, often 
associated with other less common types.

Tonic Seizures

Tonic seizures are said to be the most characteristic type 
of seizure and occur in 17% to 95% of children with 
LGS (16, 38). Tonic seizures are more frequent during 
NREM sleep; therefore, researchers who have system-
atically obtained sleep tracings reported higher preva-
lences. These seizures can occur during wakefulness or 
sleep, but if they occur only during sleep they may go 
unnoticed (35).

Tonic seizures may be (1) axial tonic, involving the 
head and the trunk, with head and neck flexion, contrac-
tion of masticatory muscles, and eventual vocalizations; 
(2) axorhizomelic tonic, in which there is tonic involve-
ment of the proximal upper limbs, with elevation of the 
shoulders and abduction of the arm; or (3) global tonic, 
with contraction of the distal part of the extremities, 
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sometimes leading to a sudden fall and other times mim-
icking infantile spasms (18, 22, 35).

Tonic seizures can be asymmetric, and some patients 
may show gestural automatisms after the tonic phase. 
Duration is from a few seconds to a minute, and, if pro-
longed, they can end in a vibratory component. In some 
seizures, the activity may be limited to upward deviation 
of the eyes (“sursum vergens”) and a slowing of respira-
tion (18, 35), which may be mistaken for physiologic 
phenomena.

Atypical Absences

The reported frequency ranges from 17% to 100% (16, 22). 
In most studies, the frequency of the different types of sei-
zures reported is based on parental counting of seizures, 
reviews from charts, or not specifically stated. Unfortu-
nately, parental ability to recognize and identify atypical 
absences correctly is poor. In one study using video-EEG 
monitoring in a cohort of children with LGS, parental 
recognition was 27% for atypical absences, but the sen-
sitivity was as high as 80% for myoclonic seizures and 
100% for tonic, atonic, tonic-clonic, clonic, and complex 
partial seizures (44).

Atypical absences may be difficult to diagnose 
because the onset may be gradual (18, 22, 35) and there 
may be an incomplete loss of consciousness that allows 
the patient to continue activities to some degree. They 
may be associated with eyelid myoclonias, not as rhyth-
mic as in typical absences, but often associated with 
perioral myoclonias or progressive flexion of the head 
secondary to a loss of tone (35). Automatisms may be 
observed (18). The seizure end may be gradual in some 
cases or abrupt in others (18, 22, 35).

Atonic Seizures, Massive Myoclonic Seizures, 
and Myoclonic-Atonic Seizures

Atonic seizures, massive myoclonic seizures, and myoclonic-
atonic seizures can be difficult to differentiate by clinical 
observation alone, and there are considerable discrepancies 
in how these terms are used. The reported frequency ranges 
from 10% to 56% (16, 18, 20, 21, 36, 37). They produce 
sudden fall, producing injuries (“drop attacks,” “Sturzan-
falle”), sometimes limited to the head, resulting in the head 
falling on the chest (“head drop,” “head nod,” “nictatio 
capitis”) (2, 35, 45). Ikeno et al found that pure atonic sei-
zures are exceptional and that most so-called atonic seizures 
had a tonic or myoclonic component (45).

Other Types of Seizures

Generalized tonic-clonic seizures are reported in 15% of 
patients with LGS, whereas complex partial seizures occur 
in 5% (18). Status epilepticus of different types (absence 

status epilepticus, tonic status epilepticus, nonconvulsive 
status epilepticus) can occur (16, 18) and is characterized 
by a long duration and resistance to treatment.

Donat and Wright reported in patients with LGS, 
infantile spasms–like seizures with clinical characteristics 
and ictal EEG changes similar to those typically seen in 
West syndrome. These seizures consisted of brief myo-
clonic jerks and brief stiffening or flexion of the upper 
body at the waist (46).

EEG FEATURES

Interictal Manifestations

The interictal EEG is characterized by a slow background 
that can be constant or transient. Permanent slowing of 
the background is associated with poor cognitive prognosis 
(35). The hallmark of the awake interictal EEG is the dif-
fuse slow spike-and-waves. This pattern consist of bursts 
of irregular, generalized spikes or sharp waves followed 
by a sinusoidal 35–400-millisecond slow wave (18), with 
an amplitude that ranges from 200 to 800 �V (39), which 
can be symmetrical or asymmetrical. The amplitude is very 
often higher in the anterior region and in the frontal or 
frontocentral areas, but in some cases the activity may 
dominate in the posterior regions of the head (39). The 
frequency of the slow spike-and-wave activity is commonly 
found between 1.5 and 2.5 Hz (39) (Figure 21-1).

Slow spike-and-waves are usually not activated by 
photic stimulation. In one series of 83 patients with LGS, 
activation of slow spike-and-waves with photic stimula-
tion occurred in 2 patients (3 tracings), and decrease in 
slow spike-and-wave activity was noted in 9% of the trac-
ings (39). Hyperventilation rarely induces slow spike-and-
waves (18), although in many patients mental retardation 
prevents an adequate cooperation (39). During NREM 
sleep, discharges are more generalized, occur more fre-
quently, and consist of polyspikes and slow waves. In rapid 
eye movement (REM) sleep there is a decrease in spike-
and-waves (18). There is a reduction in the total duration 
of REM sleep during periods of frequent seizures (18).

Ictal Manifestations

Several types of seizures occur in LGS, including tonic, 
atonic, myoclonic, and atypical absences, often associated 
with other less common types.

Tonic Seizures

The tonic seizure EEG is characterized by a diffuse, 
rapid (10–13 Hz), low-amplitude activity, mainly in the 
anterior and vertex areas (“recruiting rhythm”), that pro-
gressively decreases in frequency and increases in amplitude 
(Figure 21-2). When the seizure is limited to brief upward 
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deviation of the eyes, the EEG activity may be accentuated 
in the posterior regions (22). A brief generalized discharge 
of slow spike-and-waves or flattening of the recording may 
precede this pattern. Diffuse slow waves and slow spike-
and-waves may follow it. These fast discharges are com-
mon during NREM sleep. Unlike tonic-clonic seizures, no 
postictal flattening occurs. Clinical manifestations appear 
0.5 to 1 seconds after the onset of EEG manifestations and 
last several seconds longer than the discharge (18, 35). 
Yaqub also reported synchronous 3-Hz spike-and-waves 
associated with tonic seizures (22).

Atypical Absences

The atypical absence seizure EEG is characterized by 
diffuse, slow (2–2.5 Hz) and irregular spike-and-waves, 
which may be difficult to differentiate from interictal 
bursts (18). Discharges of rapid rhythms may be seen 
preceded by flattening of the record for 1 to 2 seconds, 
followed by a progressive development of irregular fast 
rhythm in the anterior and central regions, ending with 
brief spike-and-waves (22, 35).

Atonic Seizures, Massive Myoclonic Seizures, and 
Myoclonic-atonic Seizures

The EEG in these seizures is characterized by slow 
spike-and-waves, polyspike-and-waves, or rapid diffuse 

rhythms (26, 35). Simultaneous video-EEG recording and 
polygraphy is necessary for precise diagnosis. In 95% 
of affected patients, all three types of seizures occur in 
the same patient (35). Myoclonic seizures in LGS show 
different neurophysiologic patterns compared to other 
specific epileptic syndromes such as myoclonic astatic 
epilepsy (MAE). Epileptic myoclonus in MAE appears 
to be a primary generalized epileptic phenomenon. In 
contrast, epileptic myoclonus in LGS seems to be second-
arily generalized, originating from a stable generator in 
the frontal cortex, with interhemispheric spread, likely 
through transcallosal pathways (47).

Other Types of Seizures

The EEG during absence status epilepticus reveals 
continuous spike-and-wave discharges, usually at a lower 
frequency than at baseline, and rapid rhythms during 
tonic status epilepticus (35). Donat and Wright reported 
in patients with LGS, infantile spasms–like seizures with 
clinical characteristics, and ictal EEG changes similar 
to those typically seen in West syndrome. The interic-
tal EEG showed generalized slow spike-wave discharges 
(1–2.5 Hz) with occasional multifocal spike waves. The 
ictal changes consisted of generalized decrement in cere-
bral activity, identical to the pattern that can be observed 
with infantile spasms (46).
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FIGURE 21-1

Slow spike-wave pattern in a 24-year-old awake male with Lennox-Gastaut syndrome. The slow posterior background rhythm 
has frequent periods of 2–2.5 Hz discharges maximal in the bifrontocentral areas occurring in trains up to 8 seconds without 
any clinical accompaniment.
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PATHOPHYSIOLOGY

The pathophysiology of LGS is not well known (14), and 
there are no animal models (18). A variety of possible 
pathophysiologies have been proposed including devel-
opmental, immunologic, and metabolic. One hypothesis 
is that there is excessive permeability in the excitatory 
interhemispheric pathways in the frontal areas at the 
time the anterior parts of the brain mature. This matura-
tion commonly occurs around the age of onset of LGS 
and would allow for synchronization of both frontal 
lobes (18).

Immunogenetic mechanisms are hypothesized to 
play a role in triggering or maintaining some cases of 
LGS. A strong association between LGS and the HLA 
class I antigen B7 (48) was found in one study, but another 
group found no statistical difference in the presence of 
HLA class I antigens, including the antigen B7 (49). This 
latter study found an increased frequency of HLA class II 
antigen DR5 and a decrease in DR4 antigen (49).

Two hypotheses have been proposed to explain 
the cognitive outcome of patients with LGS. It has been 
suggested that the key LGS electrographic feature of 

slow spike-and-wave discharges and the paroxysmal 
fast activity reflect excessive neocortical excitability 
and subsequent abnormal patterns of central nervous 
system activity and connectivity. These processes would 
successfully compete with normal developmental mecha-
nisms, leading to cognitive impairment (50, 51). Another 
hypothesis postulates a genetic predisposition that is 
responsible for both the clinical manifestations and the 
mental retardation (51).

No clear-cut or homogeneous metabolic pattern 
was noted in six positron emission tomography (PET) 
studies done in a total of 50 patients with LGS (52–57). 
Although most studies suggested a focal abnormality, a 
few others showed diffuse changes or normal findings. 
Gur et al found temporal lobe unilateral hypometabolism 
in 2 patients (52). Theodore studied 10 patients with 
LGS and did not find a region of persistent focal hypome-
tabolism. One of the patients showed hypermetabolism 
in association with increased epileptiform discharges in 
EEG (55). Chugani’s findings showed four predominant 
metabolic patterns in 15 children with LGS: unilateral 
focal hypometabolism, unilateral diffuse hypometabo-
lism, bilateral diffuse hypometabolism, and normal 
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FIGURE 21-2

Tonic seizure with arm extension in a 24-year old male with Lennox-Gastaut syndrome. Before the seizure, the patient is watch-
ing television and then has a sudden body jerk, leans forward with arms extended and fixed at shoulder level. The EEG shows a 
diffuse burst of high-voltage polyspike and slow wave activity followed by 1 second of relative attenuation and then paroxysmal
fast activity maximal in the bifrontocentral regions of the head.
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metabolism (56). Iinuma et al reported unilateral hypo-
metabolism in 4 of 5 patients with LGS, particularly in 
the inferior frontal gyrus or in the posterior portion of 
the superior temporal gyrus (53). Miyauchi et al found 
hemispheric metabolic differences in 3 patients with 
LGS, with hypometabolism in the frontal to the tem-
poral regions (57). Ferrie et al studied 15 patients with 
LGS and found no areas of hypometabolism in 5 typical 
cases of LGS, whereas he found them in 3 of 4 atypical 
cases and in 5 of 6 patients with previous history of West 
syndrome (54).

Single-photon emission computed tomography 
(SPECT) in 3 children with LGS showed multiple hypo-
perfused areas, which contrasted with single areas of 
hypoperfusion in 11 children with partial secondary 
generalized epilepsy (58).

DIAGNOSTIC EVALUATION AND 
DIFFERENTIAL DIAGNOSIS

The diagnosis of LGS is based on the criteria previously 
defined, which include multiple types of seizures, in par-
ticular tonic seizures; an EEG pattern consisting of inter-
ictal diffuse slow spike-and-wave discharges occurring at 
a 1.5–2-Hz frequency, with or without bursts of general-
ized fast spikes (10 Hz) during NREM sleep; and diffuse 
cognitive dysfunction, mental retardation, or both.

Because of the nonspecific nature of multiple seizure 
types and cognitive dysfunction, multiple other pediatric 
epilepsy syndromes may be confused with LGS. A use-
ful approach to understanding and differentiating these 
syndromes is to first consider LGS and similar epilepsy 
syndromes as part of a continuum and then to try to 
identify characteristics that separate the syndromes. Two 
scenarios have been proposed. In both scenarios, LGS is 
at one end of the spectrum. In one scenario, the other end 
of the continuum is placed in the broad term myoclonic
epilepsies (16), and another scenario places the end at 
MAE (42). In both scenarios, the epilepsy syndromes 
encountered when moving from one end of the spectrum 
to the other are in the same order: LGS, the “myoclonic 
variant” of LGS, MAE, and then the lumped “myoclonic 
epilepsies” (e.g., benign myoclonic epilepsy of infancy, 
severe myoclonic epilepsy of infancy, and progressive 
myoclonic epilepsy) (17).

Compared with classic LGS, the “myoclonic vari-
ant” of LGS has less frequent and less severe mental 
retardation; rarer tonic seizures, usually of late onset 
and almost exclusively nocturnal; an “unusually marked 
myoclonic component”; a less unfavorable outcome; and 
frequently faster (�2.5 Hz) spike-and-wave complexes 
on EEG (16, 38).

Myoclonic astatic epilepsy and LGS have in com-
mon myoclonic seizures, atonic seizures, and atypical 

absences. However, there are major differences: MAE 
is predominantly idiopathic, is genetically determined, 
usually has a favorable outcome, and does not follow 
West syndrome, whereas LGS is mainly symptomatic, 
is not genetically determined, usually has an unfavor-
able outcome, and can follow West syndrome (18, 42). 
Kaminska and coworkers differentiate LGS and MAE 
using a sophisticated statistical approach called multiple 
correspondence analysis to study different clinical and 
EEG parameters. They recognized a group of children 
with LGS characterized by later onset of epilepsy, atypi-
cal absences, tonic and partial seizures, no myoclonus or 
vibratory tonic seizures, mental retardation, and an EEG 
pattern with slow spike-and-waves that were, as a group, 
different from those in the group with MAE features (42). 
In addition, myoclonic seizures in LGS and MAE show 
different neurophysiologic patterns, as shown by Bonanni 
et al using video-EEG, simultaneous surface electromyog-
raphy, and, when necessary, burst-locked EEG averaging 
techniques (47).

Compared with patients with LGS, patients with 
myoclonic epilepsies (in the broadest sense) have myo-
clonic seizures as the clearly predominant seizure type, 
only occasionally have tonic seizures, only occasionally 
have slow spike-and-waves on EEG, almost always have 
fast (�2.5 Hz) spike-and-wave complexes on EEG, and 
have variable frequency and levels of mental retardation 
(16, 17).

Multiple etiologies have been associated with LGS. 
Knowledge of the cause may affect prognosis and, at 
times, selection of the best therapy. Neuroimaging is an 
important part of the search for an underlying etiology 
in a patient with LGS. Abnormalities revealed by neu-
roimaging associated with LGS include tuberous scle-
rosis, brain malformations (e.g., cortical dysplasias), 
hypoxic-ischemic injury, or frontal lobe lesions. In gen-
eral, magnetic resonance imaging (MRI) is the preferred 
neuroimaging study for a patient with LGS rather than a 
computed tomography (CT) scan. CT scans may be pre-
ferred in selected situations (e.g., evaluation of suspected 
intracranial injury, hematoma, or both in a patient with 
head trauma resulting from an atonic or tonic seizure). 
No current indication exists for routine PET or SPECT 
scanning in patients with LGS. However, PET and SPECT 
scans may be useful when patients are undergoing evalu-
ation for potential epilepsy surgery.

An EEG in patients with suspected LGS is critical, 
because the diagnosis depends on the presence of specific 
electrographic findings. Recording of a prolonged EEG is 
desirable, because a routine 30-minute EEG may not cap-
ture the patient’s electrographic activity both awake and 
asleep and thus may miss crucial specific EEG findings. It 
is important to capture and classify each of the patient’s 
multiple seizure types. Video-EEG telemetry should be 
strongly considered because it may also help to educate 
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the parents on which of the patient’s events are seizures 
and which are nonepileptic behavioral events (44).

When assessing learning disability, it is important to 
differentiate “permanent learning disability” and “state-
dependent learning disability.” The former refers to the 
learning disability as a result of an underlying brain dam-
age that leads to both epilepsy and learning disability, 
or to the epilepsy that leads to brain damage, which in 
turn results in learning disability (e.g., prolonged status 
epilepticus). The latter depends on factors affecting the 
patient, such as adverse medication effects or increased 
seizures (ictal and postictal effects), both of which are 
not necessarily permanent and are potentially treatable 
and reversible (43). Review of the ongoing treatment and 
recording of a prolonged video-EEG may be of help.

TREATMENT

Overview

The goals of treatment for patients with LGS are the same 
as for all patients with epilepsy: the best quality of life 
with the fewest seizures (hopefully none), the fewest treat-
ment side effects, and the least number of medications.

The various treatment options for patients with LGS 
can be divided into the following three major groups 
(Table 21-1):

 1. First-line treatments based on clinical experience or 
conventional wisdom

 2. Suspected effective treatments based on open-label 
uncontrolled studies

 3. Effective treatments based on double-blind placebo-
controlled studies

In the first and second groups, the efficacy and safety 
of individual treatment options have not been formally 
tested. Only options in the third group have been rigor-
ously and scientifically evaluated and found to be effective 
and safe for specific seizure types in LGS patients. Each 
treatment group can be subdivided into medical, dietary, 
and surgical therapies. Unfortunately, no treatment by 
itself in any of the three groups gives satisfactory relief for 
all or even a majority of patients with LGS. Combination 
of treatment modalities is frequently needed (59).

First-Line Treatments Based on Clinical 
Experience or Conventional Wisdom

Medications

Over the past two decades, valproic acid (VPA) has 
been considered as a first-line treatment option for chil-
dren with LGS (24, 52, 53). From a practical viewpoint, 
by the time a clinician makes a diagnosis of LGS, the 
patient has already been diagnosed with epilepsy and 
treatment has been initiated. Because these children 
have multiple types of generalized seizures and at times 
coexisting partial seizures, clinicians may initially select 
a broad-spectrum AED such as VPA. Valproic acid has 
been reported to be more effective in cryptogenic LGS 
than in symptomatic LGS (60).

Benzodiazepines, specifically clonazepam, nitraz-
epam, and clobazam, are also first-line AED therapy 
options (38, 61, 62). All are considered effective against 
seizures associated with LGS, but side effects and the 
development of tolerance limit their usefulness over time 
(38). Side effects of clonazepam include hyperactivity, 
sedation, drooling, and incoordination, which can sig-
nificantly affect the quality of life for patients with LGS 
(38). The efficacy and tolerability profile of nitrazepam is 
similar to that of clonazepam (38). Clobazam is consid-
ered the least sedating benzodiazepine, with the longest 
time to the development of tolerance (62). Some recom-
mendations to slow the development of tolerance include 
dosing on an every-other-day schedule or alternate two 
different benzodiazepines on an alternate-day basis (63, 
64). Unfortunately, not all benzodiazepines are beneficial: 
intravenous diazepam and lorazepam have been reported 
to induce tonic status epilepticus in some patients (65, 
66). Based on clinical experience, some authors believe a 
combination of valproic acid and a benzodiazepine may 
be better than either drug alone, but no data exist to 
confirm this impression (38).

TABLE 21-1
Treatments for Children with Lennox-Gastaut 

Syndrome

First-line treatments based on clinical experience or
conventional wisdom

Valproic acid
Benzodiazepines
Pyridoxine
Suspected effective treatments based on open-label

uncontrolled studies
Adrenocorticotropic hormone–corticosteroids
Intravenous immunoglobulin
Vigabatrin
Zonisamide
Ketogenic diet
Corpus callosotomy
Vagus nerve stimulation
Effective treatments based on double-blind, 
 placebo- controlled studies
Felbamate
Lamotrigine
Topiramate
Rufinamide
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Although carbamazepine, phenobarbital, phenyt-
oin, and ethosuximide may be first-line therapy for a 
variety of seizure types or other epilepsy syndromes, none 
is considered first-line therapy for LGS. Carbamazepine 
may exacerbate atypical absence seizures despite reducing 
generalized tonic-clonic seizures (67, 68). Phenobarbital 
may be effective against a variety of seizures but can 
exacerbate hyperactivity and aggressiveness or produce 
sedation and drowsiness (which may exacerbate tonic 
seizures) (38, 60). Phenytoin can be effective for tonic 
seizures and tonic status epilepticus but not for atypical 
absence seizures (69). In contrast, ethosuximide may be 
useful in atypical absence seizures but is ineffective in 
other seizure types (59).

Because patients with pyridoxine (vitamin B6)
dependency may have seizures and a slow spike-and-wave 
pattern on EEG, some clinician investigators have sug-
gested trials of vitamin B6 in all children with treatment-
resistant epilepsy who are younger than 5 years old (61). 
One study examined the efficacy of high-dose vitamin B6
in five patients with LGS and found mixed results; three 
of the five patients with LGS had no response, whereas 
the others had a more noticeable response (70). Given 
the lack of serious side effects and the ease of perform-
ing a therapeutic vitamin B6 trial, it is reasonable and 
appropriate to conduct a vitamin B6 trial early in treat-
ment of a child with LGS (71). Doses and duration of 
vitamin B6 therapy vary widely. In the aforementioned 
clinical trial, vitamin B6 was given at 50 to 100 mg/day 
fifiintramuscularly for the first 5 days, and then 200 to 
300 mg/day orally (70). Some clinicians (mainly in Japan) 
administer high doses of pyridoxal phosphate (30–40 
mg/kg/day) (61). Wheless and Constantinou prescribe 
100 mg of vitamin B6 three times daily for 2 weeks, dis-
continuing vitamin B6 if there is no response to therapy 
after 2 weeks (61).

Dietary Treatment

At this time, the ketogenic diet is not a first-line 
therapy for the seizures associated with LGS.

Surgical Treatment

At this time, neither corpus callosotomy nor the 
vagus nerve stimulator are first-line therapies for the sei-
zures associated with LGS.

Suspected Effective Treatments Based on 
Open-Label Uncontrolled Studies

Medications

Medications suspected to have some effectiveness 
against seizures associated with LGS based on open-
label uncontrolled trials include (in alphabetical order): 

adrenocorticotropic hormone (ACTH) (72, 73), cortico-
steroids (35, 61, 74), intravenous immunoglobulin (IVIG) 
(75, 76), vigabatrin (77), and zonisamide (ZNS) (78).

Both ACTH and corticosteroid therapy are pro-
posed to be effective against the seizures associated with 
LGS. Roger et al propose that prolonged corticosteroid 
therapy initiated at the onset of cryptogenic LGS can 
yield “excellent” results (35). Despite this effectiveness, 
there are multiple potentially significant side effects asso-
ciated with therapy, and relapse frequently occurs when 
the drugs are withdrawn (38, 61, 71–74).

The efficacy of adjunctive high-dose IVIG in patients 
with LGS has been investigated in at least seven open-label 
trials (75). The results of these trials were very encour-
aging because 30% to 92% of LGS patients receiving 
IVIG experienced at least 50% seizure reduction during 
treatment (75). Dosing schedules varied between studies. 
Later well-controlled trials (detailed in following discus-
sion) did not confirm the effectiveness of IVIG against 
seizures associated with LGS (79, 80).

Six studies involving 78 patients treated with viga-
batrin showed that 15% of these patients became com-
pletely seizure free and 44% of the patients had at least 
50% reduction in their seizure frequency (77, 81–85). The 
best results were noted in an open-label, dose-ranging, 
adjunctive therapy study of vigabatrin in 20 children with 
LGS in which monotherapy with VPA did not control 
their seizures. Seventeen children (85%) experienced at 
least 50% reduction in their seizure frequency, and eight 
children (40%) were seizure free at doses ranging from 1 
to 3 g/day at study end (77). The authors concluded that 
vigabatrin and VPA duotherapy was effective and well 
tolerated in children with LGS (77).

The most common adverse effects of vigabatrin 
are generally central nervous system related and include 
hyperactivity, agitation, weight gain, drowsiness, insom-
nia, facial edema, ataxia, stupor, and somnolence (83, 
86–88). Not only can vigabatrin exacerbate myoclonic 
seizures and even absence seizures in some patients, but 
it can also cause visual field constriction in children (82, 
83, 86, 89, 90). The aforementioned side effects limit 
significantly the consideration of vigabatrin as long-term 
therapy for patients with LGS (87).

The effectiveness of ZNS in LGS has been inves-
tigated in three small studies. Although Sakamoto et al 
reported that ZNS was “effective” in 39% of patients 
with LGS, the definition of effectiveness was not clear 
(78). In 1991 Yamatogi and Ohtahara reported 50% (10 
of 20) of Lennox-Gastaut patients treated with ZNS had 
at least 50% reduction in seizure frequency (91). Iinuma 
and Haginoya found that 26% (10 of 39) of patients with 
LGS treated with ZNS responded with a 50% or greater 
reduction in seizure frequency (92).

There have been no formal published open-label stud-
ies investigating the effectiveness and safety of gabapentin,
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tiagabine, levetiracetam, or oxcarbazepine in the treat-
ment of seizures associated with LGS. Single reports have 
suggested that L-tryptophan (transient improvement), 
amantadine, thyrotropin-releasing hormone, and its ana-
log, DN-1417, may reduce seizure frequency in patients 
with LGS (93–96).

Dietary Teatment

A number of studies have shown the ketogenic diet to 
be useful for patients with LGS (71, 72, 97, 98). Response 
to the diet usually is evident within 1 month of starting 
the diet (61). Freeman and Vining reported that atonic 
or myoclonic seizures in 17 consecutively treated patients 
with LGS at The Johns Hopkins Hospital decreased “by 
more than 50% immediately,” after being started on the 
ketogenic diet (99). Overall, the benefits of the diet can 
include fewer seizures along with less drowsiness, better 
behavior, and fewer concomitant AEDs (61).

Surgical Treatment

Surgical procedures that have been reported to be 
beneficial for patients with LGS include corpus calloso-
tomy, focal resection (rarely), and electrical stimulation, 
in particular vagus nerve stimulation (VNS) and the elec-
trical stimulation of the centromedian thalamic nuclei 
(100, 101).

Corpus callosotomy is effective in reducing drop 
attacks but typically does not appear to be helpful for 
other seizure types (38, 102, 103). A recent study from 
Taiwan reported that anterior corpus callosotomy was 
effective for “all kinds of medically intractable seizures, 
especially generalized” in a cohort of 74 patients (80% 
had LGS) (104). In general, callosotomy is considered 
palliative rather than curative, and seizure freedom is 
rare, although it can occur (60, 104).

In six studies, VNS appears effective for patients 
with LGS (105–110) The three earlier studies reported 
that a total of 13 of 18 (72%) patients with LGS expe-
rienced at least 50% reduction in seizure frequency with 
follow-up as long as 5 years (105–107). Hosain et al 
(108) reported on the use of VNS in 13 patients with 
LGS (age range, 4–44 years; mean, 16.7 years). Dur-
ing the first 6 months of treatment the median seizure 
rate reduction was 52% (range, 0–93%; P 	 0.04). At 
6 months of follow-up, three patients had �90% reduc-
tion in seizure frequency, two patients had �75% reduc-
tion, one patient had �50% reduction, six had �25%
reduction, and one patient did not improve. The main 
reported side effects were hoarseness, coughing, and pain 
in throat. These results suggest VNS could be an effective 
and safe adjunct therapy for the treatment of LGS (108). 
Aldenkamp and collaborators in the Netherlands studied 
the long-term effects of 24 months of treatment with 
VNS on cognition in 19 patients with LGS or LGS-like 

syndromes (13 patients with LGS). The average reduc-
tion of seizure frequency was 20.6% after 24 months. No 
deterioration on cognition was seen when baseline was 
compared to follow-up measurements. The authors con-
cluded that VNS does not have long-term, higher-order 
functions adverse effects (109). A previous report from 
the same group reported on the cost-effectiveness of VNS 
in 16 children with LGS at the 6-month follow-up. There 
was a significant reduction in direct non-health-care costs 
and the number of days of suboptimal functioning of 
the child. Comparing the costs pre and post VNS place-
ment, the payback period was 2.3 years (110). In the 
largest cohort of LGS patients treated with VNS, Frost 
et al reported the effectiveness, tolerability, and safety of 
VNS therapy in 50 patients (median age, 13 years) with 
LGS. At 6 months after VNS implantation, 58% median 
reduction in seizure frequency was seen. Quality of life 
was improved in some patients and the most common 
adverse effects were voice change and coughing during 
stimulation (111).

In rare cases, resection of a localized lesion (e.g., 
vascular lesion or tumor) can improve seizure control in 
patients with LGS (38, 112).

Effective Treatments Based on Double-Blind 
Placebo-Controlled Studies

Medications

The gold standard for evaluation of the safety 
and efficacy of an anticonvulsant medication is the 
randomized, double-blind, placebo-controlled clinical 
trial. Six drugs have undergone this rigorous testing 
to determine safety and efficacy in patients with LGS: 
cinromide, IVIG, felbamate, lamotrigine, topiramate, 
and rufinamide. The latter four AEDs successfully dem-
onstrated efficacy against seizures in patients with LGS, 
whereas the former two did not. Despite the lack of 
proven efficacy for cinromide and immunoglobulins in 
double-blind studies, both therapies had open-label tri-
als suggesting efficacy in patients with LGS, reinforcing 
the need for randomized double-blind controlled trials 
to definitively establish the efficacy of any proposed 
therapy.

Cinromide. In 1980 cinromide was reported to be 
effective for seizures associated with LGS in an open-
label uncontrolled trial (113). These results prompted a 
subsequent double-blind, placebo-controlled adjunctive 
therapy trial of cinromide in patients with LGS (114). 
Overall, 73 patients enrolled, but “sufficient data for 
analysis” were available only for 56 patients (26 receiving 
cinromide, 30 receiving placebo). There was no differ-
ence between cinromide adjunctive therapy and placebo 
adjunctive therapy in terms of seizure reduction or global 



31721 • LENNOX-GASTAUT SYNDROME

evaluations (114). The development of cinromide was 
halted in 1981 (114).

Immunoglobulins. Two blinded placebo- controlled 
studies have been published examining the efficacy of IVIG 
in children with LGS (79, 80). The first study enrolled 
10 children, aged 4 to 14 years, in an add-on, placebo-
controlled, single-blind study design. Only 2 children 
showed a response to IVIG (42% and 100% decrease 
in seizure frequency), and the remaining 8 children were 
“unaffected” (79). Sixty-one patients with various forms 
of refractory epilepsy (including LGS and West syndrome) 
participated in a randomized, double-blind, placebo-
controlled, dose-ranging (three different doses) trial of 
IVIG. Despite 52.5% of the IVIG group having a greater 
than 50% reduction in seizure frequency, compared with 
27.8% in the placebo group, this difference did not reach 
statistical significance (80).

Felbamate. Felbamate (FBM) was found to be 
safe and effective in patients with LGS in a randomized, 
double-blind, placebo-controlled adjunctive therapy 
trial (115). Seventy-three patients with LGS aged 4 to 
36 years enrolled. The FBM dose in the double-blind por-
tion was 45 mg/kg/day (maximum 3,600 mg/day). The 
FBM treatment group experienced a 34% reduction in 
atonic seizures compared with 9% in the placebo group 
(P � 0.01). Total seizure frequency dropped 19% in the 
FBM group compared with a 4% increase in the placebo 
group (P � 0.002). The percentage of patients experienc-
ing at least 50% reduction in atonic seizures was 57% for 
the FBM group compared with 9% in the placebo group 
(P � 0.001). The percentage of patients experiencing at 
least 50% reduction in total seizure frequency was 50% 
for the FBM group compared with 11% in the placebo 
group (P � 0.001) (Table 21-2). FBM was significantly 
better than placebo in improving global evaluation scores. 
The types and frequency of side effects were similar in the 
two treatment groups (107). A 12-month follow-up in 

patients who completed the controlled part of the study 
confirmed long-term efficacy (116).

Unfortunately, FBM is associated with dangerous 
idiosyncratic reactions involving the blood and liver. The 
most common severe FBM-associated idiosyncratic reac-
tion is aplastic anemia, which has been seen to date in 
34 patients receiving FBM (117, 118). The incidence of 
FBM-associated aplastic anemia is approximately 127 
cases per million treated with FBM (approximately 1 in 
4,000 to 8,000 FBM-treated patients) versus 2 to 6 per 
million people in the general population (87, 117, 119, 
120). Another report estimates the risk of aplastic anemia 
in patients receiving FBM to be 1:3,000, with a death rate 
of 1 in 10,000 FBM-treated patients (87, 121). In perspec-
tive, this estimated risk is approximately 20 times greater 
than that for carbamazepine-associated aplastic anemia 
(117). Risk factors for FBM-associated aplastic anemia are 
Caucasian, adult, female, history of autoimmune disorder, 
a positive antinuclear antibody titer, history of prior AED 
toxicity or allergy, prior cytopenia, and treatment with 
FBM for less than 1 year (117, 118, 122).

The second most common severe FBM-associated 
idiosyncratic reaction is hepatotoxicity. Reported in 
18 patients receiving FBM, its estimated incidence 
is between 64 and 164 per million (approximately 1 
in 18,500–25,000 FBM-treated patients) (117). This 
suggests that the frequency of FBM-associated hep-
atotoxicity and VPA-associated hepatotoxicity are 
approximately the same (117). Based on the reported 5 
felbamate-related liver failure fatalities, which occurred 
in approximately 130,000 to 170,000 exposed persons, 
the estimated incidence would be between 1 per 26,000 
to 1 per 34,000 exposures (103). In perspective, the risk 
of hepatic-related fatalities in the population taking VPA 
is between 1 in 10,000 and 1 in 49,000, with the risk in 
high-risk pediatric patients younger than 2 years being 1 
in 500 (118). There is no evidence that laboratory moni-
toring of blood counts and liver function during FBM 
therapy anticipates these severe idiosyncratic reactions 

TABLE 21-2
Responder Rates (at Least 50% Reduction in Seizure Frequency) for Four Antiepileptic Medications Tested 

in Double-Blind, Placebo-Controlled Trials in Lennox-Gastaut Syndrome

 FELBAMATE  LAMOTRIGINE  TOPIRAMATE RUFINAMIDE

SEIZURE TYPE VS. PLACEBO VS. PLACEBO VS. PLACEBO VS. PLACEBO

Total seizures 50% vs. 11%*  
All major seizures (drop  33% vs.16%* 33% vs. 8%*
 attacks plus tonic-clonic)
Drop attack or atonic seizures 57% vs. 9%* 37 vs. 22%* 28% vs. 14% 42% vs. 17%*
Tonic-clonic seizures 60% vs. 23%* 43% vs. 20%* 

*P � 0.05.
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(117). A suggested management strategy is to use careful 
clinical monitoring, perform routine laboratory testing, 
and discontinue the drug if no substantial clinical ben-
efit is observed after 3 to 6 months of therapy.

Although effective, there are significant risks associ-
ated with FBM use. In general, it is regarded as a good 
third-line or fourth-line drug for LGS.

Lamotrigine. The efficacy of lamotrigine (LTG) 
against seizures associated with LGS has been examined 
in multiple open-label studies and two controlled trials. In 
five open-label trials of LTG in patients with LGS, 58% 
(31 of 53) experienced at least 50% reduction in seizure 
frequency (123–127). A double-blind, placebo-controlled, 
crossover study of LTG as adjunctive therapy in 30 patients 
with treatment-resistant generalized epilepsy was reported 
in 1998. Twenty study patients had LGS. Seven of the 
20 children with LGS responded to LTG therapy with a 
greater than 50% reduction in seizure frequency. Two 
patients became seizure-free (128).

Lamotrigine was found to be safe and effective in 
patients with LGS in a randomized, double-blind, pla-
cebo-controlled, adjunctive therapy trial (129). A total of 
169 patients enrolled and were randomized to either LTG 
(n 	 79) or placebo (n 	 90) adjunctive therapy. Patients 
receiving the LTG treatment arm had a greater median per-
cent reduction from baseline in weekly seizure counts (for 
drop attacks, tonic-clonic seizures, and all major seizures
—defined as drop attacks plus tonic clonic seizures) com-
pared with patients on the placebo treatment arm. The 
responder rate (percentage of patients experiencing at least 
50% reduction in seizures) for major seizures (drop attacks 
and tonic-clonic seizures) was greater in the LTG group 
(33%) than in the placebo group (16%, P � 0.01). For 
drop attacks, 37% of LTG-treated patients responded, com-
pared with 22% of the placebo-treated patients (P � 0.04). 
Finally, for tonic-clonic seizures, 43% of the LTG-treated 
patients responded, compared with 20% of patients receiv-
ing placebo (P � 0.007) (129) (Table 21-2).

Unfortunately, LTG can be associated with idiosyn-
cratic reactions, predominantly involving the skin. The 
most common skin manifestation is a rash affecting 10% to 
12% of LTG patients (130–132). The rash rapidly resolves 
following LTG withdrawal; sometimes the rash may even 
resolve without changing LTG dosage (133). However, 
this dermatologic reaction can progress in some patients to 
erythema multiforme, Stevens-Johnson syndrome, or even 
toxic epidermal necrolysis (87, 130, 133). Stevens-John-
son syndrome and toxic epidermal necrolysis are related 
severe mucocutaneous disorders with mortality rates of 
5% and 30%, respectively (130). The risk of a potentially 
life-threatening rash (based on clinical trials and postmar-
keting reports) in adults is 0.3% and approximately 1% 
in children 16 years old and younger (133).

Risk factors for LTG-associated severe dermato-
logic reactions include younger age (children more than 
adults), comedication with VPA, a rapid rate of LTG 
titration, and a high LTG starting dose (87, 133, 134). 
Careful attention should be given to initial LTG start-
ing dose, titration rate, and comedications. The prompt 
evaluation of any rash is prudent.

Despite the risk of idiosyncratic reactions, LTG is a 
very valuable medication for patients with LGS and should 
be considered for use as soon as the diagnosis of LGS is 
made. Proper attention to concomitant medications, a low 
starting dose, and a very slow titration can minimize the 
risk of dermatologic idiosyncratic reactions.

Topiramate. Topiramate (TPM) was found to be 
safe and effective as adjunctive therapy for patients with 
LGS in a multicenter, double-blind, placebo-controlled 
trial (135). Ninety-eight patients with LGS (older than 
1 year and younger than 30 years) were randomized to 
either TPM adjunctive therapy (target dose, 6 mg/kg/
day) or placebo adjunctive therapy. The median percent 
reduction from baseline in average monthly seizure rate 
for drop attacks was 14.8% for the TPM group and 
5.1% (an increase) for the placebo group (P � 0.041). 
Using parental global evaluations, TPM-treated patients 
demonstrated greater improvement in seizure severity 
than did placebo-treated patients (P � 0.037). The 
responder rate for major seizures (drop attacks and 
tonic-clonic seizures) was greater in the TPM group (15 
of 46, or 33%) than in the control group (4 of 50, or 
8%; P � 0.002). The responder rate for drop attacks in 
the TPM group was higher than in the placebo group 
(28% vs. 14%) but did not reach statistical significance 
(135) (Table 21-2).

In the long-term, open-label extension portion of 
the above trial, 97 patients were followed up and had 
their TPM dose adjusted as clinically indicated (136). The 
mean TPM dose in those patients who had completed 
6 months of therapy was 10 mg/kg/day. For those patients 
who had completed 6 months of TPM therapy, drop 
attacks were reduced at least 50% in 55% of patients; 
15% of patients were free of drop attacks for at least 
6 months at the last visit. The median percent reduction 
in drop attacks was 56%. The median percent reduction 
in overall seizure frequency was 44%, with 45% of the 
patients having at least 50% reduction in all seizure types 
and 2% being seizure-free for the previous 6 months. 
Long-term TPM therapy was well tolerated. The most 
common adverse events were somnolence, injury, and 
anorexia. Behavioral problems during the last 6 months 
of long-term TPM therapy were reported in only 5% of 
the patients. During long-term therapy, TPM is effective 
and well tolerated in controlling drop attacks and seizures 
associated with LGS (136).
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Rufinamide. The efficacy and tolerability of 
rufinamide adjunctive therapy for patients with LGS 
was examined in a multicenter, double-blind, placebo-
controlled, randomized, parallel-group study (137, 138). 
A 28-day baseline phase was followed by an 84-day 
double-blind phase (14-day titration phase followed 
by a 70-day maintenance phase). Eligible patients were 
between 4 and 30 years old, had 90 seizures in the month 
prior to the baseline phase, and were taking one to three 
concomitant AEDs. The rufinamide target dose was 
45 mg/kg/day. Overall, 138 patients with a mean age 
of 14.1 years (range, 4 to 37 years) were randomized 
to either rufinamide (n 	 74) or placebo (n 	 64). 
The median dose in both groups was 1,800 mg/day 
(42–45 mg/kg/day) (137, 138).

The median percent reduction in total seizure 
frequency per 28 days, relative to the baseline phase, 
in the rufinamide group was significantly higher than 
in the placebo group (32.7% vs. 11.7%, P 	 0.0015). In 
the rufinamide group, the median percent reduction in 
tonic-atonic seizure frequency per 28 days, relative to the 
baseline phase, was significantly higher compared with the 
placebo group (42.5% vs. 1.4%, P � 0.0001). The tonic-
atonic seizure responder rate was significantly higher in 
the rufinamide group compared with the placebo group 
(42.5% vs. 16.7%, P 	 0.0020) (137, 138).

The most common adverse events experienced 
included somnolence (24.3% rufinamide, 12.5% pla-
cebo), vomiting (21.6% rufinamide, 6.3% placebo), 
pyrexia (13.5% rufinamide, 17.2% placebo), and diar-
rhea (5.4% rufinamide, 10.9% placebo). A lower per-
centage of patients in the rufinamide group (17.6%) 
experienced cognitive/psychiatric adverse events of 
interest, such as psychomotor hyperactivity and leth-
argy, compared with the placebo group (23.4%). Rufin-
amide was efficacious and well tolerated as an adjunctive 
therapy for the treatment of resistant seizures in patients 
with LGS (137, 138).

Dietary Treatment

In a recent study, Freeman and collaborators 
reported in abstract form their findings of a blinded, 
crossover, placebo-controlled trial. Twenty children with 
LGS were fasted for 36 hours and introduced to the keto-
genic diet. Glucose or saccharin was randomly used in a 
blinded fashion to negate or sustain the effect of the diet. 
Although the initial fasting to start the ketogenic diet 
resulted in a significant reduction in median seizures (30 
to 10 seizures per day, P � 0.0001), the randomized part 
of the study failed to show a significant effect of ketogenic 
diet on seizure frequency (139). In a preliminary study, 
these investigators were able to negate urinary ketosis in 
patients on the ketogenic diet by giving a drink containing 
glucose (85). However, in the more recent study, none of 

the patients in the placebo arm, the ones who received 
glucose, was completely ketone free (139).

Surgical Treatment

There are no double-blind trials examining the effi-
cacy of surgical intervention in patients with LGS, com-
pleted or under way, at this time.

PROGNOSIS

The long-term prognosis is variable, but overall it is unfa-
vorable. Several studies have followed cohorts of chil-
dren with LGS over time and illustrate this unevenness. 
Beaumanoir found that 47% of the patients with LGS 
still had typical characteristics after 10 years of follow-up 
(33). Roger et al followed 338 patients with LGS until 
adulthood. In 46.9% of patients, the clinical characteristics 
and EEG findings persisted into adulthood. In 15.5% of 
patients, mainly symptomatic cases, the syndrome disap-
peared, but a severe, multifocal epilepsy persisted. About 
17% of patients in which LGS followed another type of 
epilepsy seemed to have been cured (140). Ohtahara et 
al reported persistent seizures in 76.4% of patients, and 
mental retardation present in 91% of patients with LGS in 
a long-term follow-up study (141). Yagi examined a cohort 
of 102 patients with LGS, followed up for an average of 
16 years; 11.8% of them worked normally, 35.3% worked 
part-time or at a sheltered workshop, and the remaining 
52.9% were under home care or institutionalized (142). 
The characteristic clinical symptoms and EEG pattern 
remained in one-third of the patients at the end of the 
study. In the remaining patients, seizures decreased in type 
and frequency with treatment (142). In another long-term 
follow-up of patients with LGS over 42 years, the disap-
pearance of the characteristic slow spike-waves pattern 
was followed by focal discharges, and focal and diffuse 
slow waves, which were seen in the majority of patients. 
Complex partial seizures also became more frequent in this 
population (143). Hoffman-Riem et al identified by mul-
tivariate analysis four independent risk factors for severe 
mental retardation in patients with LGS: nonconvulsive 
status epilepticus, odds ratio (OR) 25.2, previous history 
of West syndrome (OR 11.6), a symptomatic etiology 
(OR 9.5), and an early age (before age 3 years) at onset 
of epilepsy (OR 4.7) (41). Long-term follow-up of patients 
with LGS reveals that only few of them will become sei-
zure free (20, 123). Many authors consider that early and 
effective seizure treatment might prevent some of the long-
term impairments and improve global prognosis (43, 144). 
However, patients that achieve seizure control and are sei-
zure free for several years may continue to have severe 
cognitive impairments (51). One hypothesis proposes that 
this could be due to a genetic predisposition responsible for 
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the mental retardation. Another theory suggests that the 
treatment may come too late in the course of the disease, 
at a time when the damage has already occurred.

A worse prognosis is associated with symptomatic 
LGS, particularly those with a prior history of West syn-
drome (37), early onset of seizures (37), higher frequency 
of seizures (18), or constant slow EEG background activ-
ity (35). In one report, tonic seizures became more difficult 
to control over time and persisted (97.8% of the patients), 
whereas myoclonic and atypical absences appeared eas-
ier to control, persisting in 22.5% and 39.3% of the 
patients, respectively (145). The characteristic diffuse 
slow spike-and-wave pattern of LGS gradually disappears 
with age and is replaced by focal epileptic discharges, 
especially multiple independent spikes. This may reflect 
that subcortical epileptic discharges are suppressed and 
focal cortical discharges gain preponderance with brain 

maturation (37). Mortality has been reported to range 
from 3% (mean follow-up of 8.5 years) to 7% (mean 
follow-up of 9.7 years) (35).

The severity of the seizures, frequent injuries, devel-
opmental delays, and behavioral problems take a large 
toll on even the strongest parents and family structures. 
Attention must be paid to the psychosocial needs of the 
family (especially siblings). The proper educational setting 
is also important to help the patients with LGS reach their 
maximal potential. Because of the high rate of injuries 
associated with atonic/tonic seizures, some patients with 
LGS may need to wear a protective helmet. Helmets need 
to have a faceguard to maximize protection of the patient’s 
forehead, nose, and teeth. Unfortunately, some patients 
will not tolerate a helmet with a faceguard, and even if 
tolerated, helmets are often uncomfortable and rarely “cos-
metically acceptable” (38).
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Childhood Absence 
Epilepsies

he absence seizure is character-
ized by sudden discontinuation 
of activity with loss of awareness, 
responsiveness, and memory, and 

an equally abrupt recovery. The first description of such 
an event was by Poupart in 1705 (1). The use of the term 
petit mal to describe all nonconvulsive seizures, proposed 
by Esquirol in 1815, has contributed to confusion that 
persists today. “Petit mal” was used to imply the severity 
of a seizure, more or less, before the electroencephalo-
graphic (EEG) description of 3-Hz spike-and-wave by 
Gibbs, Davis, and Lennox in 1935 (2). Clarification and 
delineation of absence seizure types was advanced by 
systematic neurophysiological studies using video-EEG 
monitoring techniques, which led to the description of 
protean manifestations and clinical syndromes associated 
with absence seizures.

Absence seizures are classified by the International 
League Against Epilepsy (ILAE) as generalized seizures 
among the self-limited seizure types. Those seizure types 
that conform to the absence seizure include several 
entities: typical absence seizures, atypical absence sei-
zures, myoclonic absence seizures, and eyelid myoclonia 
with absences (Table 22–1). In addition, absence status 
epilepticus is classified as a type of generalized status 
epilepticus among the continuous seizure types.

Phillip L. Pearl
Gregory L. Holmes

The conceptualization of the epilepsy syndrome, 
comprising the predominant and associated seizure types 
associated with other clinical and electroencephalographic 
characteristics, was a major advance in understanding 
the patient’s underlying condition and, further, to allow 
for optimal management. Most physicians use the term 
“petit mal epilepsy” or “childhood absence epilepsy” 
to describe a syndrome of simple absence seizures in 
school-age children who are otherwise neurologically and 
intellectually normal. Of the ILAE epilepsy syndromes, 
absence seizures are an important component in several 
entities that would fit the original operational definition 
of the idiopathic generalized epilepsies (IGE) (Table 22–2) 
(3): childhood absence epilepsy, epilepsy with myoclonic 
absences, epilepsy with myoclonic-astatic seizures, juve-
nile absence epilepsy, and juvenile myoclonic epilepsy 
(JME). Other proposed syndromes that feature absence 
seizures include Jeavons syndrome, perioral myoclonia 
with absences, and phantom absences. The latter two 
entities are lifelong and associated with absence status 
epilepticus. “Phantom absences” refers to a type of mild 
absence occurring before a first generalized tonic-clonic 
seizure that usually occurs in adulthood. Jeavons syn-
drome refers to a purely reflex IGE with eyelid myoclonia 
and EEG abnormalities on eye closure (4). The scope 
of this chapter encompasses childhood absence epilepsy, 

T

22



324 III • AGE-RELATED SYNDROMES

epilepsy with myoclonic absences, and eyelid myoclonia 
with absences.

EPIDEMIOLOGY

Absence seizures comprise 2% to 11% of seizure types in 
all ages (5–10). The prevalence is highest in the first decade 
(11, 12). The incidence is 9.6 per 100,000 in the age group 
0 to 15 years (11). Sato and coworkers (13), in a study 
of 83 patients with absence seizures, reported the age of 
onset was most commonly in the 5- to 9-year-old group 
(versus 4 years or younger, or 10 years or older), whereas 
Wirrell and colleagues (14) found an average age of onset 
of 5.7 years in 72 children. Occasional cases begin during 
infancy (15). A population-based case control study found 
that only a history of febrile seizures was a significant risk 
factor for the development of absence seizures (P � 0.01) 
(16). None of the other factors studied were significant, 
including those that were historically suggested such as 
twin pregnancy, breech presentation, being firstborn, and 
perinatal asphyxia. A recent population based study in 
Sweden determined that the syndrome childhood absence 
epilepsy was diagnosed in 5.9% of children aged 1 month 
to 16 years with active epilepsy (17).

CLINICAL MANIFESTATIONS

The terms typical absence seizure (TAS) and atypical 
absence seizure (AAS) were used by the International 
Classification of Epileptic Seizures to delineate these 
two distinct types of absences (18). The simple typical 
absence seizure consists of the sudden onset of impaired 
consciousness, usually associated with a blank facial 
appearance without other motor or behavioral phenom-
ena. This subtype is actually relatively rare and comprised 
only 9% of 374 absence seizures video recorded from 48 
patients by Penry and associates (19). The complex typi-
cal absence seizure, alternatively, is accompanied by other 
motor, behavioral, or autonomic phenomena.

Clonic components may be quite subtle and most 
frequently consist of eye blinking. Clonic activity may 
range from nystagmus (20) to rapid jerking of the arms. 
Changes in tone may include a tonic postural contraction, 
leading to flexion or extension of the trunk (21). Decreases 
in tone leading to head nodding or dropping objects may 
also occur, although they rarely cause a fall.

In a study of 476 typical absence seizures moni-
tored by simultaneous video-EEG telemetry, automa-
tisms were the most common clinical accompaniment, 
occurring in 44% of 27 patients (22). Automatisms are 
semipurposeful behaviors of which the patient is unaware 
and which the patient subsequently cannot recall. They 
may be either perseverative, reflecting continuation of 
preictal activities, or de novo. Simple behaviors, such 
as rubbing the face or hands, licking the lips, chewing, 
grimacing, scratching, or fumbling with clothes tend 
to be de novo automatisms. Complex activity such as 
dealing cards, playing pattycake, or handling a toy are 
generally perseverative. If it occurs, speech is usually 
perseverative and often slowed and dysarthric, but it 
may be totally normal and include both expressive and 
receptive abilities (23).

Autonomic phenomena associated with absence sei-
zures include pupil dilatation, pallor, flushing, sweating, 
salivation, piloerection, and even urinary incontinence 
(21, 24). Neither the autonomic changes nor the automa-
tisms allow one to distinguish absence seizures from other 
seizure types.

Atypical absence seizures have traditionally been 
characterized as having less abrupt onset or cessation, 
more pronounced changes in tone, and longer duration 
than typical absence (18). They usually begin before 
5 years of age and are associated with other general-
ized seizure types and mental retardation. The ictal EEG 
is more heterogeneous, showing 1.5- to 2.5-Hz slow 
spike-and-wave or multiple spike-and-wave discharges 
that may be irregular or asymmetrical (5, 6). The interic-
tal EEG is usually abnormal, with slowing and multifocal 
epileptiform features (25).

Using the aforementioned ictal EEG criteria to dif-
ferentiate atypical from typical absence seizures opera-
tionally, Holmes and coworkers (22) compared 426 

TABLE 22–1
Classification of Absence Seizures (ILAE)

Self-limited seizure types
Generalized seizures
 Typical absence seizures
 Atypical absence seizures
 Myoclonic absence seizures
 Eyelid myoclonia with absences
Continuous seizure types
Generalized status epilepticus
 Absence status epilepticus

TABLE 22–2
Epilepsy Syndromes (ILAE) Featuring 

Absence Seizures

A. Childhood absence epilepsy
B. Epilepsy with myoclonic absences
C. Epilepsy with myoclonic-astatic seizures
D. Juvenile absence epilepsy
E. Juvenile myoclonic epilepsy
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typical and 500 atypical absence seizures in 54 children. 
The average duration of the AAS, 10.24 seconds, was 
longer than that of the TAS, 8.69 seconds (P � 0.01). 
A change in facial expression or appearance of a blank 
stare was the most common initial clinical manifesta-
tion in either type. A pause or slowing of motor activity 
was also frequently noted as the initial finding in either 
seizure type. Either diminished postural tone or tonic or 
myoclonic activity was significantly more likely to be the 
initial clinical feature in AAS than in TAS. A blank stare 
or change in facial expression was the sole clinical finding 
in only 16% of TAS and 28% of AAS. Automatisms, eye 
blinking, and lip smacking occurred more commonly in 
TAS. A change in postural tone, either an increase or a 
decrease, was more commonly seen in AAS. Automatisms 
were more common in TAS than in AAS and are usually 
perseverative, such as often playing with a toy or game. 
De novo automatisms were associated with longer spells 
and most commonly consisted of rubbing the face or 
hands in TAS and smiling in AAS.

In the study by Holmes and coworkers (22), the 
authors found that both TAS and AAS started abruptly 
without an aura, lasted from a few seconds to half a min-
ute, and ended abruptly. Both were frequently associated 
with eye blinking, lip smacking, decrease in tone, and 
automatisms. Although statistically significant differences 
can be identified between TAS and AAS, there is consider-
able overlap between the two seizure types, and they more 
likely represent a clinical continuum. This overlap pertains 
to the EEG as well as the proposed pathophysiology.

Most patients with typical absence seizures have  normal 
neurologic examinations. In two large studies, abnormalities 
were found in 23% of patients by Sato and associates (13) 
and 16% by Dalby (8). Neurologic abnormalities tend to 
be mild and nonprogressive.

Intelligence scores are more variable, largely attrib-
utable to the diverse patient populations. In patients with 
typical 3-Hz spike-and-wave discharges, Dalby (8) found 
17% of patients had IQs below 90, whereas Sato and 
coworkers (13) found 52% had IQs below 90. Holmes 
et al (22) found 22% of 27 patients with typical absence 
seizures to be mentally retarded, whereas 93% of 27 
patients with atypical absence were retarded.

Between 40% and 60% of patients with typical 
absence seizures have generalized tonic-clonic seizures 
(8, 11, 13, 26–29). The time from the first absence to 
the first generalized tonic-clonic seizure may range from 
1 to 16 years (mean, 6.6 years) (29). Nearly all patients 
with atypical absence seizures have generalized tonic-
clonic seizures, and many also have myoclonic, tonic, and 
atonic seizures. There appears to be a spectrum of clinical 
conditions associated with atypical absence seizures, so 
that children with exclusively atypical absence have a less 
severe educational disability than children with atypical 
absence seizures plus other seizure types (30).

The syndrome of childhood absence epilepsy, named 
pyknolepsy for the frequent clustering of seizures in a 
day (pyknos 	 “cluster” in Greek), is defined as a disor-
der of typical absence seizures with occurrence in school 
age, having peak manifestations during ages 6 to 7 years, 
with a strong genetic predisposition in otherwise normal 
children. It is seen more frequently in girls than in boys. 
The EEG demonstrates bilateral, synchronous, and sym-
metrical 3-Hz spike-wave paroxysms on a normal back-
ground. More recent attempts to fine-tune this definition, 
especially for research purposes, have provided stricter 
inclusion criteria (onset between 4 and 10 years, nor-
mal neurologic state and development, brief duration 
[4 to 20 seconds, exceptionally longer], and EEG ictal 
discharges with generalized high-amplitude spike) and 
exclusion criteria (other seizure types including general-
ized tonic-clonic seizures or myoclonic, eyelid myoclonia, 
perioral myoclonia, rhythmic massive limb jerking, single 
or arrhythmic myoclonic jerks, mild or no impairment 
of consciousness during the ictal discharge, brief EEG 
paroxysms � 4 seconds duration, multiple spikes [more 
than 3], and visual [i.e., photic] and other sensory precipi-
tation of clinical seizures) (31). Such criteria remain under 
debate. For example, photosensitivity is well accepted by 
other authors in childhood absence epilepsy with typical 
absence seizures (32, 33). Eyelid myoclonia with absences 
(EMA) is characterized by eyelid myoclonia and absences 
provoked by eye closure and photosensitivity. This may 
be seen in idiopathic or symptomatic epilepsies (34).

EEG FEATURES

The EEG signature of a typical absence seizure is the 
sudden onset of 3-Hz generalized symmetrical spike- or 
multiple spike-and-slow-wave complexes (Figure 22–1). 
The voltage of the discharges is often maximal in the 
frontocentral regions. The frequency tends to be faster, 
about 4 Hz, at the onset and slows to 2 Hz toward 
the end of discharges longer than 10 seconds. The ictal 
discharges during an atypical absence seizure are more 
variable. They occur at frequencies between 1.5 and 2.5 
Hz or may be faster than 2.5 Hz but are irregular or 
asymmetrical in voltage.

The interictal EEG background is generally normal 
in TAS and abnormal in AAS. Using the aforementioned 
ictal EEG criteria to classify absence seizures, Holmes 
and colleagues (22) found that only 44% of 27 patients 
with TAS had normal EEG backgrounds. Diffuse slow-
ing was seen in 22%, paroxysmal spikes or sharp waves 
in 37%, and posterior rhythmic delta (less than 4 Hz) 
slowing in 15%. Conversely, only 11% of 27 patients 
with AAS had a normal interictal EEG. Diffuse slow-
ing and focal or multifocal spikes or sharp waves were 
seen in 85%.
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Typical 3-Hz generalized synchronous and symmetrical spike-and-wave EEG discharge during hyperventilation in an 8-year-old 
girl with pyknolepsy. Note the drop out of finger tapping 2 seconds into the paroxysm and return on cessation of the discharge.
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The discharges are more numerous during all sleep 
states except rapid eye movement (REM) (35–37). The 
bursts have a modified appearance in sleep, as they may 
be briefer, less regular, and slower with a 1.5- to 2.5-Hz 
frequency range. Hyperventilation, photic stimulation, 
and hypoglycemia activate typical absence seizures, but 
hyperventilation is the most effective procedure (8, 38).

Clinical effects are generally perceived accompanying 
discharges lasting longer than 3 seconds. Detailed neuro-
psychological investigations have demonstrated functional 
impairment from a spike-and-wave burst of any duration. 
Auditory reaction times were delayed 56% of the time 
when a stimulus was presented at the onset of the EEG 
paroxysm (39). They were abnormal in 80% when the 
stimulus was delayed 0.5 second. Responsiveness may 
improve as the paroxysm continues (40).

ETIOLOGY

Both acquired and inherited factors are implicated in the eti-
ology of absence seizures, reflecting the heterogeneity of the 
patient population. Genetic factors predominate in children 
who match the syndromes of idiopathic generalized epi-
lepsy. Alternatively, acquired disorders are frequently found 
in retarded children with abnormal neurologic findings, 
abnormal interictal EEGs, and atypical absence seizures. 
Typical absence seizures, both clinically and electrographi-
cally, have been rarely seen in patients with mesial frontal 
lesions, with diencephalic lesions, and after withdrawal 
from sedatives (41–44). Nonconvulsive status epilepticus 
of frontal lobe origin can mimic absence status epilepti-
cus once it has progressed to a full-blown phase (45). A 
6-year-old girl with typical (albeit intractable) absence 
seizures and diffuse 3-Hz spike-and-wave EEG discharges 
induced by hyperventilation was diagnosed with Moy-
amoya disease (46). The epilepsy remitted after bilateral 
revascularization procedures were performed.

The lack of structural pathology and the age-specific 
window observed in most patients with typical absence 
seizures implicate a hereditary etiology. Metrakos and 
Metrakos (47) showed that absence seizures and gener-
alized spike-and-wave EEG discharges are both inher-
ited traits. Generalized spike-and-wave activity was seen 
in 37% of siblings of patients with generalized spike-
and-wave activity on EEG and absence or generalized 
tonic-clonic seizures compared with 9% of controls. Only 
25% of the family members with the EEG trait actually had 
seizures. They theorized that the inheritance of generalized 
spike-and-wave discharges is autosomal dominant with 
age-dependent penetrance, regardless of whether seizures 
occur. Doose and associates (48) suggested a multigenic 
inheritance, with both independent and interactive genetic 
factors. In general, the idiopathic generalized epilepsies are 
considered genetic in origin, and usually represented by 

familial but complex, non-Mendelian traits. It has become 
increasingly clear that a variety of gene defects can result 
in absence seizures (49). Familial clustering of absence, 
myoclonic, and generalized tonic-clonic seizures has been 
demonstrated in the idiopathic generalized epilepsies, pro-
viding evidence for distinct genetic effects vis-à-vis seizure 
type (50). There are also patients with concomitant child-
hood absence epilepsy (CAE) and localization-related epi-
lepsy, suggesting gene effects that transcend the traditional 
epilepsy syndrome classification (51).

More recent investigations of the pathophysiology 
of absence seizures, pointing to altered thalamocortical 
circuitry with key roles for T-type calcium channels and 
GABAergic mechanisms (vide infra), have spurred a new 
generation of molecular studies. The Cav3.2 T-type cal-
cium channel gene has been linked to childhood absence 
epilepsy with mutations associated with altered chan-
nel gating properties (52). Mutations in GABA receptor 
genes have been invoked in CAE (53, 54). A significant 
association between a polymorphism in GABARB 3 in 
chromosome 15q11 was found in 50 families with CAE. 
Mutations of the GABAA receptor gamma-1 subunit gene 
(GABRG2) on chromosome 5 were identified in a large 
family with CAE and febrile seizures. Multiple mutations 
and polymorphisms in the calcium channel CACNA1H 
gene were found in the highly conserved residues of the 
T-type calcium channel gene (55). Linkage analysis of a 
five-generation family with childhood absences plus gen-
eralized tonic-clonic seizures identified a locus on chro-
mosome 8q24, designated as ECA 1, although the gene 
remains to be identified (56). Yet another study found no 
evidence that genes encoding GABAA and GABAB recep-
tors, voltage-dependent calcium channels, and the ECA 
region on chromosome 8q account independently for the 
childhood absence trait in a majority of families (57). 
The precise mode of inheritance and the genes involved 
in CAE remain largely unidentified (58).

PATHOPHYSIOLOGY

The observation that 3-Hz spike-and-wave discharges 
in absence seizures appear simultaneously and synchro-
nously in all electrode locations led early investigators 
to speculate that the pathophysiologic mechanisms must 
involve “deep” structures with widespread connections 
between the two hemispheres (59–61). The term “cen-
trencephalon” was coined to describe this unknown 
structure. Although this term was historically useful in 
emphasizing the fundamental differences between partial 
seizures and generalized seizures, later investigations have 
led to a better understanding of the basic mechanism of 
this disorder.

In the generalized penicillin epilepsy model, paren-
teral injections of penicillin—a weak GABAA receptor 
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agonist—produce behavioral unresponsiveness associ-
ated with bilateral synchronous slow waves on EEG. 
Thalamic and cortical cells become synchronized dur-
ing this event through reciprocal thalamocortical con-
nections. Although it is not clear whether activity in 
the cortex precedes that in the thalamus in primary 
generalized seizures, recordings from cortical neurons 
show an increase in the number of action potentials 
during a depolarizing burst. This is followed by power-
ful GABAergic feedback inhibition that hyperpolarizes 
the cell for approximately 200 milliseconds after each 
burst. The summated activity of the bursts produces the 
“spike,” which is dependent on alpha-amino-3-hydroxy-
5-methylisoxazole-4-propionic acid (AMPA) receptors 
and T-type calcium channels, and the summated inhi-
bition produces the “wave,” due to GABA-mediated 
inhibition as well as voltage- and calcium-dependent 
potassium conductances (62).

A number of studies have demonstrated that the 
basic underlying mechanism in generalized absence epi-
lepsies involves thalamocortical circuitry and the genera-
tion of abnormal oscillatory rhythms in this neuronal 
network (63–66). Studies using both in vivo and in vitro 
models have demonstrated the neuronal circuit respon-
sible for the generation of the oscillatory thalamocorti-
cal burst firing observed during absence seizures. The 
key role of the thalamus is corroborated by a selective 
increase in blood flow during absence seizures using 
positron emission tomography (PET) imaging and func-
tional magnetic resonance imaging (fMRI) technology 
(67–69).

This circuit includes cortical pyramidal neurons, 
thalamic relay neurons, and the nucleus reticularis 
thalami (NRT) (66, 70). The principal synaptic con-
nections of the thalamocortical circuit include gluta-
matergic fibers between neocortical pyramidal cells and 
the NRT, and GABAergic fibers from NRT neurons that 
activate GABAA and GABAB receptors on thalamic relay 
neurons. In addition, recurrent collateral GABAergic 
fibers from the NRT activate GABAA receptors on adja-
cent NRT neurons. As can be seen in Figure 22–2, the 
NRT is in a position to influence the flow of informa-
tion between the thalamus and cerebral cortex (71). 
The NRT cells have rhythmic burst firing (oscillatory 
firing) during periods of sleep (critical for sleep spindle 
formation) and continuous single-spike firing (tonic fir-
ing) during wakefulness.

The cellular events that underlie the ability of NRT 
neurons to shift between an oscillatory and tonic firing 
mode are the low-threshold Ca2� spikes that are present 
in thalamocortical and NRT neurons (71). Low-thresh-
old, transient Ca2� channels (T-channels) are a key mem-
brane property involved in burst firing excitation and are 
associated with rhythmic discharges in thalamocortical 
cells during absence seizures (64, 65, 72, 73). Mild depo-

larization of these neurons is sufficient to activate these 
channels and to allow the influx of extracellular Ca2�.
Further depolarization produced by Ca2� inflow exceeds 
the threshold for firing a burst of action potentials. After 
T-channels are activated, they become inactivated rather 
quickly, hence the name “transient.” Deinactivation of 
T-channels requires a relatively lengthy hyperpolariza-
tion. GABAB receptor–mediated hyperpolarization is able 
to deinactivate T-channels.

There is considerable evidence that the patho-
physiological basis of absence seizures is the genera-
tion of excessive abnormal oscillatory rhythms (74). 
These abnormal oscillatory rhythms could be caused 
by abnormalities of the T-channels or enhanced GABAB
function (59, 75). In some animal models of absence 
seizures T-channel activation in the NRT is significantly 
different from that in control animals (76). These aber-
rant T-channels may be one basis for absence seizures. 
In other models, there has been an increase in GABAB
receptors in thalamic and neocortical neuronal popula-
tions compared with controls (74). As would be pre-
dicted from the thalamocortical circuits involved in 
absence seizures, in animal models of absences GABAB
agonists produce an increase in seizure frequency, 
whereas GABAB antagonists reduce absence seizure 
frequency (77–79).

As demonstrated in Figure 22–2, recurrent collateral 
GABAergic fibers from the NRT neurons activate GABAA
receptors on adjacent NRT neurons. Activating GABAA
receptors in the NRT therefore results in inhibition of out-
put to the thalamic relay neurons and serves to reduce 
hyperpolarization and delay deinactivation of the T-channels. 
In animal studies, injection of the GABAA agonists bilater-
ally into the NRT reduces absence seizure frequency. This 
occurs because the GABA output to the thalamic relay 
neurons is reduced. Because of the decreased GABAB acti-
vation, there would be a reduced likelihood that the Ca2�

deinactivation would occur. This would result in decreased 
oscillatory firing. However, direct GABAA and GABAB
activation of thalamic relay neurons would be expected 
to have detrimental effects, increasing depolarization and 
deinactivation of the T-channels.

As would be expected from these animal findings are 
the clinical observations that three drugs that are effective 
in the treatment of absence seizures—valproate, etho-
suximide, and trimethadione—all suppress T-currents. In 
addition, there is some clinical evidence that vigabatrin, 
which increases endogenous GABA levels and thereby 
increases the activation of GABAB receptors, worsens 
absence seizures in patients. However, clonazepam, which 
preferentially activates GABAA receptors in the NRT, can 
be a highly effective antiabsence drug (80). Hosford and 
Wang (74) evaluated the effects of a number of antiepi-
leptic drugs (AEDs) on seizure frequency in the lethargic
(lh/lh) mouse model of absence seizures. Previous studies 
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had demonstrated the efficacy of ethosuximide, clonaz-
epam, and valproate in this model. The authors found 
that lamotrigine significantly reduced seizure frequency, 
whereas vigabatrin and tiagabine increased seizure fre-
quency and duration. Gabapentin and topiramate had 
no significant effects on seizure frequency.

The molecular characterization of T-type Ca2�

channels identified a family of genes that encode ion 
channels, alpha1G, alpha1H, and alpha1I, with char-
acteristics similar to T-type Ca2� channels in neurons 
(81). Thalamic relay neurons express mainly the alpha1G 
form. A transgenic mouse model with lack of expression 
of the alpha1G protein fails to exhibit spike-and-wave 
discharges in response to GABAB receptor activation (82). 
The human analogs to these genes have been designated 
CACNA1G, CACNA1H, and CACNA1I. This provides 
further support for the critical role of T-type Ca2� chan-
nels in absence seizures.

Other neurotransmitter systems (i.e., serotonergic, nor-
adrenergic, and cholinergic) can influence the thalamocorti-
cal circuits and therefore influence absence seizure frequency. 
Diffuse monoamine projections from the locus coeruleus 
(noradrenergic), raphe magnus (serotoninergic), and ven-
tral tegmentum (dopaminergic) are implicated. For example, 
the mutant tottering mouse model has suggested a role for 
diffuse noradrenergic hyperinnervation of the cortex from 
the locus coeruleus in the genesis of paroxysmal spike wave 
discharge and the phenotype of behavioral arrest (83).

DIAGNOSTIC EVALUATION AND 
DIFFERENTIAL DIAGNOSIS

The primary diagnostic considerations to be differentiated 
from absence seizures are complex partial seizures and day-
dreaming (Table 22–3). Complex partial seizures are more 
common than absence seizures and are also manifested by 
an alteration in consciousness with staring, automatisms, 
changes in tone, and autonomic symptoms (84). The com-
plex partial seizure tends to be longer and less frequent, but 
clinically there maybe no absolute distinguishing factor. 
The presence of an aura or postictal impairment is strongly 
suggestive of a complex partial seizure. When positive, the 
EEG is the best confirmation of either seizure type.

Daydreaming is associated with boredom, can be 
“broken” with stimulation, and is not associated with 
motor activity. Absence seizures, however, may some-
times be terminated with stimulation and tend to increase 
during periods of relaxation and tiredness. Tics and pseu-
doseizures may need to be considered as well. A normal 
EEG that includes several trials of 3 to 5 minutes of hyper-
ventilation, however, virtually rules out absence seizures. 
Repeated studies or prolonged monitoring occasionally 
are necessary when diagnostic confusion persists (85).

Childhood absence epilepsy describes typical absence 
seizures (i.e., both simple and complex) in children between 
the ages of 3 to 5 years and puberty who are otherwise 
normal. There is a strong genetic predisposition, and girls 
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are more frequently affected. The absences are very fre-
quent, occurring at least several times daily, and tend to 
cluster. The EEG reveals the classic bilateral, synchronous 
symmetrical 3-Hz spike-and-wave discharge with normal 
interictal background activity. The absences may remit 
during adolescence.

The syndrome of epilepsy with myoclonic absences, 
as recognized by Tassinari and Bureau (86), is character-
ized by absence seizures accompanied by severe bilateral 
rhythmical clonic, and sometimes tonic, activity. Age of 
onset averages 7 years, and boys are more often affected. 
The ictal EEG discharges are similar to those of pykno-
lepsy. Seizures are frequent and less responsive to medica-
tion than those of CAE. The episodes of myoclonic absence 
last 10 to 60 seconds’ duration and are precipitated by 
hyperventilation, awakening, and occasionally intermittent 
light. About half of affected children are normal and half 
have mental retardation before seizure onset. The majority 
of cases develop other seizure types, including generalized 
tonic-clonic seizures, pure absence without myoclonias, 
and drops. Mental deterioration and evolution to Lennox-
Gastaut syndrome may occur (87).

Eyelid myoclonia with (and without) absences is a 
form of epileptic seizures manifest by myoclonic eyelid 
jerks and brief absences. These are precipitated by eye clo-
sure and lights. The syndrome has genetic underpinnings, 
is age related, and affects neurologically normal children 
with a female predominance. The semiology involves an 
initial and prominent eyelid myoclonia, which may or may 
not progress to a mild absence. The duration is typically 

brief, between 3 and 5 seconds. Head deviation or jerking 
of the hands may occur. The eyelid jerking becomes less 
violent as the absence component proceeds. Impairment of 
consciousness is mild and may appear incomplete. Some 
patients will self-induce the events, with some reports of an 
associated pleasurable feeling. The events are precipitated 
by eye closure (in a lit, not dark, environment), whether 
voluntary, involuntary, or reflex. They may only appear 
during photic stimulation. The accompanying EEG reveals 
generalized polyspike and polyspike-slow wave discharges 
of 3- to 6-Hz frequency and typically duration of 3 to 5 
seconds. The symptoms require differentiation from ocular 
tics, with which they are often confused, and occipital sei-
zures because forced eyelid closure and eyelid blinking are 
also described in occipital epilepsy. There also appears to 
be a group of patients having photosensitive epilepsy and 
concomitant nonepileptic paroxysmal eyelid movements 
(88). Lifelong treatment is recommended in eyelid myoclo-
nia with absences, as remission is not anticipated (89).

TREATMENT

The extent of diagnostic evaluation required in patients 
with absence seizures is variable and depends somewhat 
on which epileptic syndrome might best “fit” the patient. 
A patient who meets the criteria for one of the idiopathic 
generalized syndromes by clinical and EEG criteria 
requires no further studies. Not every patient, however, 
fits these descriptions. The presence of typical absence 

TABLE 22-3
Differential Diagnosis of Typical Absence Seizures

CLINICAL DATA ABSENCE COMPLEX PARTIAL DAYDREAMING

Frequency/day Multiple Rarely over 1–2 Multiple; situation-dependent
Duration Frequently �10 sec Average duration over  Seconds to minutes; rarely
   1 min, 10 sec  more, rarely less
Aura Never Frequently No
Eye blinking Common Occasionally No
Automatisms Common Frequently No
Postictal impairment None Frequently No
Seizures activated by:   
 HV Very frequently Occasionally No
 Photic  Frequently  Rarely No
EEG
 Ictal Generalized spike  Usually unilateral or bilateral  Normal
  and wave  temporal frontal discharges
 Interictal  Usually normal Variable; may be spikes or  Normal
   sharp waves in frontal
   or temporal lobes

Source: With permission from publisher and author, Holmes GL. Diagnosis and Management of Seizures in Children. Philadelphia: W.B. 
Saunders Company, 1987:177.
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seizures with consistent EEG ictal and interictal features 
and normal intelligence and neurologic examinations is 
reassuring that further tests are not necessary. Atypical 
features or history of developmental delay warrant cra-
nial MRI and possibly more specific tests such as lumbar 
puncture, metabolic studies, and tissue examinations.

AED therapy is recommended for all children with 
adequate documentation of absence seizures. Although they 
are not life-threatening, they may lead to poor school per-
formance, ridicule, and accidents. Because even a 1-second 
generalized spike-and-wave discharge sometimes affects 
cognitive function (39), it is prudent to try to control the 
seizures as well as possible with minimal drug toxicity.

Injury prevention counseling should not be under-
estimated. Accidental injury is common in patients with 
absence epilepsy and indeed usually occurs after anticonvul-
sant medication is already started (90). Specific recommen-
dations, including mandatory use of bicycle helmets and 
avoidance of unsupervised swimming or climbing without 
protection, are common-sense precautions for any child.

The primary drugs of choice are ethosuximide, val-
proic acid or disodium valproate, and lamotrigine (91, 92). 
For the reader’s convenience, in this chapter valproic acid 
and disodium valproate will both be called valproate. 
Comparative studies of the older AEDs have indicated 
equivalence in efficacy for ethosuximide and valproate 
(93–97). A Cochrane Database review indicated that ran-
domized treatment trials possessing good methodological 
quality or sufficient power to detect a difference in efficacy 
when these agents are compared to each other or placebo 
are lacking, and concluded there is insufficient evidence to 
inform clinical practice (98). A multicenter trial addressing 
this question, coupled with neuropsychological testing of 
patients, is in progress at the time of this writing.

In standard clinical practice, a single agent is cho-
sen and, after appropriate laboratory studies, initiated 
at a low dose and gradually increased. AED levels may 
be helpful, but dose changes in either direction should 
follow clinical indications. Upon dosage modifications, 
drug levels should be obtained only after sufficient time 
has elapsed to reach steady-state serum concentrations. 
Some clinicians will begin therapy with ethosuximide, 
primarily because of the rare but severe hepatotoxicity 
and pancreatitis associated with valproate (45, 99–101). 
Valproate is generally considered the drug of choice in the 
patient who has both absence seizures and generalized 
tonic-clonic seizures (20, 76). Published expert consensus 
opinion indicates that if initial monotherapy with etho-
suximide, valproate, or lamotrigine is ineffective, other 
appropriate options are zonisamide or topiramate (91).

The combination of ethosuximide and valproate may 
be more effective than either drug alone (96, 102), although 
drug interactions do occur, requiring monitoring of clinical 
toxicity and serum drug levels (103). Clonazepam has been 
used in refractory cases, although it is limited because of its 

side effects of sedation and tachyphylaxis. The combina-
tion of valproate and clonazepam has been associated with 
precipitation of absence status (104), but this is rare.

Lamotrigine appears to be a promising drug in the 
treatment of absence seizures, with a number of stud-
ies demonstrating efficacy (105–108). Lamotrigine has 
demonstrated some efficacy in the treatment of myoclonic 
absence seizures (109). In a small, open-label extension 
study Biton found that four of five patients with absence 
seizures had a 50% or greater reduction in seizure fre-
quency with topiramate (110). Based on animal studies and 
limited clinical experience, it does not appear that vigaba-
trin is effective in the treatment of absence seizures (111). 
Felbamate may sometimes be useful in the treatment of 
absence seizures, although the drug is rarely used for this 
indication because of the associated aplastic anemia (112). 
Gabapentin also does not appear to be effective in the 
treatment of absences (113, 114). Small open-label stud-
ies suggest potential efficacy for levetiracetam (115). 
Although trimethadione is rarely used because of its side 
effect profile and significant teratogenic potential, it is 
an effective compound, to be considered only in truly 
refractory absence seizures (116). Aggravation of idio-
pathic generalized epilepsy syndromes has been increas-
ingly recognized as an iatrogenic complication of AEDs, 
and carbamazepine, phenytoin, gabapentin, tiagabine, 
and vigabatrin should be avoided (117).

The cellular mechanisms of action of the antiabsence 
drugs remain unclear. Valproate increases GABA levels 
through several possible pathways, but the relevance of 
this mechanism to its clinical effect has not been demon-
strated (118). Valproate has been shown to limit sustained 
high-frequency repetitive firing of action potentials at ther-
apeutic levels using mouse neurons in cell culture (119). 
Clonazepam, along with other benzodiazepines and phe-
nobarbital, augments postsynaptic GABA responses (119). 
The active metabolite of trimethadione, dimathadione, 
blocks the low threshold, transient (T-type) calcium cur-
rent in thalamic neurons, an effect shared by ethosuximide 
but not phenytoin or carbamazepine (116).

As discussed in the section on pathophysiology, the 
lh/lh genetic mouse model has contributed extensively to 
the investigation of the cellular and molecular mechanisms 
underlying absence seizures. The model has correctly pre-
dicted the therapeutic effects of ethosuximide, clonazepam, 
and valproate, in contrast to phenobarbital, phenytoin, 
and carbamazepine, against absence seizures. This same 
model demonstrated antiabsence efficacy of lamotrigine, 
proabsence effects of vigabatrin and tiagabine, and lack 
of effects by gabapentin and topiramate (74).

The duration of therapy is variable, although grad-
ual taper from medication is recommended in general in 
patients who are seizure free for 2 years. The EEG is indi-
cated in this situation, because even a 1-second generalized 
spike-and-wave discharge can result in subtle functional 
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impairment (39). A brief discharge in sleep, however, would 
not preclude drug withdrawal. Hyperventilation should be 
performed during the EEG for 3 to 5 minutes, and the pres-
ence of discharges indicates a high recurrence risk.

Withdrawal seizures may occur with ethosuximide 
and valproic acid but are more likely to be precipitated 
by rapid reduction of clonazepam (120). Clonazepam 
should not be tapered faster than 0.25 mg per week (121). 
Withdrawal seizures may be delayed weeks after stopping 
valproate.

Absence status epilepticus is a unique form of noncon-
vulsive status epilepticus manifested by sustained impair-
ment of consciousness associated with generalized, irregular, 
approximately 3-Hz spike-and-wave EEG discharges. Most 
patients are dull and confused but partially responsive and 
able to carry out tasks of daily living (122). They often 
exhibit facial twitching, eye blinking, staring, or automa-
tisms (41, 123–125). Absence status may present as periods 
of stupor in adolescents or adults with a history of childhood 
absences after a relatively long seizure-free interval. The 
EEG may also show polyspike-and-wave discharges or pro-
longed generalized bursts of spike activity or irregular slow 
spike-and-wave discharges (122). Treatment is usually with 
intravenous diazepam (125), although intravenous acetazol-
amide (500 mg, or 250 mg for children weighing less than 
35 kg) has been advocated (126). Intravenous valproate is 
likely to be useful for treatment of absence status.

COURSE AND PROGNOSIS

The average age of cessation of absence seizures is 
10.5 years (12); however, some children continue to have 
absence seizures beyond puberty. Typical absence seizures 
generally have a favorable prognosis, with remission 
rates of approximately 80% (7, 127–129). An analysis 
of 52 patients with childhood absence by Loiseau and 
coworkers (130) demonstrated complete control in 95% 
of patients with absence seizures only and in 77% of 
patients with absence plus generalized tonic-clonic sei-
zures. In contrast, of 62 patients with juvenile absence 
epilepsy, control was achieved in 77% of patients with 
absence seizures only and in 37% of patients with absence 
plus generalized tonic-clonic seizures (130).

Patients with CAE have a favorable response to 
medication and good prognosis for remission when 
taken off medication. Sato and colleagues (25) identi-
fied favorable prognostic signs for “outgrowing” both 
absence seizures and other seizure types as a negative 
family history of epilepsy, normal EEG background 
activity, and normal intelligence. A subsequent long-
term follow-up study of 72 patients having mean seizure 
onset at 5.7 years (range, 1–14 years) and studied at a 
mean age of 20.4 years (range, 12–31 years) determined 
only a 65% remission rate, and furthermore that 15% 
of the total cohort developed JME. Adverse prognostic 
factors were cognitive impairment at diagnosis, history 
of absence status, presence of generalized tonic-clonic 
or myoclonic seizures during AED treatment, abnormal 
EEG background, and family history of generalized sei-
zures in first-degree relatives (14). Also troubling is the 
observation of psychosocial difficulties, in the areas of 
academic-personal and behavioral categories, in a recent 
report on 56 young adults having a history of typical 
childhood absence epilepsy. Remission occurred in 32 
(57%) of the patients, and the least favorable outcomes 
correlated with persistence of seizures (131).

In a study of treatment outcome in 86 children 
with childhood and juvenile absence epilepsy, initial 
drug treatment was successful in 52 (60%). Adverse 
prognostic factors were coexistence of generalized tonic-
clonic or myoclonic seizures. As with other epilepsies, 
ultimate remission was more likely if the initial drug 
was successful than if it was not (69% vs. 41%, P �
0.02) (132). More recent studies of the evolution and 
prognosis of childhood absence epilepsy have identi-
fied that strict ILAE classification criteria impact the 
ability of a clinician to impart an accurate prognosis. 
In patients fulfilling strict criteria for CAE compared to 
children with absence seizures who did not fulfill syn-
dromic criteria, there were significantly better rates of 
seizure control (95% vs. 77%), terminal remission (82% 
vs. 51%), fewer generalized tonic-clonic seizures (8% 
vs. 30%), and shorter mean treatment duration (2.2 vs. 
3.8 years) (133). Unfavorable prognostic factors were 
the presence of generalized tonic-clonic seizures in the 
active stage of absences, myoclonias, eyelid or perioral 
myoclonia, and atypical EEG features.
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Benign Focal Epilepsies 
of Childhood

he International League Against 
Epilepsy’s (ILAE’s) definition of a 
benign epilepsy (syndrome) is “A 
syndrome characterized by epileptic 

seizures that are easily treated, or require no treatment, 
and remit without sequelae” (1). In approximately 60% 
of children with epilepsy seizures will cease, antiepileptic 
drugs (AEDs) can be withdrawn, and seizures will not 
recur (2). This indicates that a majority of children with 
epilepsy have benign conditions.

In its 2001 diagnostic scheme, the ILAE listed around 
40 epilepsy syndromes and conditions with recurrent epi-
leptic seizures (3). Only a small number of them satisfy 
the ILAE criteria for the diagnosis of benign epilepsy. 
These are (in order of the age at which they character-
istically begin):

 • Benign familial neonatal seizures
 • Benign nonfamilial neonatal seizures
 • Benign familial and nonfamilial infantile seizures
 • Benign childhood epilepsy with centrotemporal 

spikes
 • Early onset benign childhood occipital epilepsy 

(Panayiotopoulos type)

If a less rigorous definition is used, the following condi-
tions could reasonably be added:

Colin D. Ferrie
Douglas R. Nordli, Jr.
Chrysostomos P. Panayiotopoulos

 • Benign myoclonic epilepsy in infancy
 • Childhood absence epilepsy
 • Late onset childhood occipital epilepsy (Gastaut 

type)
 • Idiopathic photosensitive occipital lobe epilepsy

Although some of these disorders are common, together 
they still account for well under half of all children with 
epilepsy. This emphasizes two important points when 
considering benign childhood epilepsy syndromes. First, 
among the many children with epilepsy who do not fit 
within any of the currently recognized syndromes, there 
are many whose epilepsy follows a benign course. Second, 
many children who have epilepsy syndromes that are 
not usually considered benign, nevertheless, have a good 
outcome. This is perhaps best illustrated by children with 
congenital hemiplegia who develop focal seizures. Many 
such children have only a few seizures, respond well to 
medication, and eventually successfully discontinue treat-
ment. However, even with syndromes usually considered 
anything but benign (or even “malignant”) significant 
numbers of individuals have a good outcome. For exam-
ple, this is so in 12% to 25% of children diagnosed with 
West syndrome (4). This chapter will therefore consider 
only a fraction of those children with benign forms of 
focal epilepsy. Idiopathic generalized epilepsies, including 
those whose courses are usually benign, are considered 

T
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elsewhere, as are the benign focal epilepsies that occur 
in the neonatal and infantile periods. The “core group” 
of benign focal epilepsies left to consider in this chapter 
(with their official ILAE names in brackets) are

 • Rolandic epilepsy (benign childhood epilepsy with 
centrotemporal spikes)

 • Panayiotopoulos syndrome (early onset benign 
childhood occipital epilepsy—Panayiotopoulos 
type)

 • Idiopathic childhood occipital epilepsy (late onset 
childhood occipital epilepsy—Gastaut type and 
idiopathic photosensitive occipital lobe epi-
lepsy)

The main features of these disorders are compared in 
Table 23-1.

A NOTE ON TERMINOLOGY

We prefer “rolandic epilepsy” to “benign childhood 
epilepsy with centrotemporal spikes” for the following 
reasons:

 • The term is widely used by pediatricians.
 • Centrotemporal spikes are located mainly in the 

central (rolandic) fissure; they are rarely located in 
the temporal electrodes.

 • Rolandic epilepsy may occur without centrotem-
poral spikes and conversely centrotemporal spikes 
occur in children without seizures and in children 
with other benign focal epilepsies.

 • The term “temporal” may suggest the occurrence 
of temporal lobe symptoms during seizures despite 
these not being a feature of the condition.

TABLE 23-1
Comparison of the Clinical and EEG Features of the Three 

Idiopathic Childhood Focal Epilepsies of Childhood

 PANAYIOTOPOULOS   IDIOPATHIC CHILDHOOD

 SYNDROME  ROLANDIC EPILEPSY OCCIPITAL EPILEPSY

Prevalence among children
1–15 years with afebrile seizures, % 6 15 1-2

Mean age at onset (range), years 4–5 (1–14)  8–9 (1–15) 8-9 (3-16) 
Sex prevalence,% 54 males 60 males 50 males 
Seizure characteristics
Main type of seizures Autonomic and  Focal sensory-motor  Focal visual
  often with emesis
Duration  Long (usually  Moderate (usually  Brief (seconds
  9 minutes or longer)  2–4 minutes)   to 1–2 minute)
Focal nonconvulsive status epilepticus  44  Rare Exceptional

(�30 min), % 
Frequency of seizures  Infrequent Infrequent  Many, sometimes daily
Single seizures only, %  30  10–20 Exceptional
Circadian distribution, % Mainly in sleep (64) Mainly in sleep (70) Mainly when awake (�90) 
Reflex provocation of clinical seizures  Probably none Probably none 10–20% photosensitivity
Interictal EEG Multifocal spikes Centrotemporal spikes  Occipital spikes
Reflex provocation of spikes, %  Fixation-off sensitivity  Somatosensory  Fixation-off sensitivity
  (10) and less often   stimulation (20–25)  and 20% occipital
  somatosensory     photosensitivity
  stimulation (�5)
Prophylactic continuous treatment Often not needed Often not needed Needed
Prognosis Excellent  Excellent Uncertain 
Risk of epilepsy as an adult, % 2?  3  20?
Remission within 1–3 years  Common Common Uncommon

from first seizure
Similar seizures after remission None Only one case 
      is reported Common
Developmental and social prognosis Normal Normal Usually good

Modified from Ferrie et al (54), with the permission of the Editor of Developmental Medicine and Child Neurology.
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We prefer “Panayiotopoulos syndrome” to “early 
onset benign childhood occipital epilepsy (Panayiotopou-
los type),” because evidence now suggests that it is a form 
of multifocal epilepsy with autonomic ictal symptoms 
rather than an occipital lobe epilepsy.

We use the term “idiopathic childhood occipital 
epilepsy” to include both late onset childhood occipital 
epilepsy—Gastaut type and idiopathic photosensitive 
occipital lobe epilepsy. This is because both conditions 
share many common features and it is not clear that they 
merit separation into two distinct syndromes.

CONSIDERATIONS REGARDING THE 
ETIOLOGY, INCLUDING THE GENETIC 

BASIS, OF THE BENIGN FOCAL 
EPILEPSIES OF CHILDHOOD

The benign focal epilepsies of childhood are all idio-
pathic epilepsies, the ILAE’s definition of which is “A 
syndrome that is only epilepsy, with no underlying struc-
tural brain lesion or other neurologic signs or symp-
toms. These are presumed to be genetic and are usually 
age-dependent” (3). In keeping with their presumed 
genetic origin, there is an increased risk of epileptic sei-
zure disorders in the family members of children with 
benign focal epilepsies, although it is rare to find family 
members with the same benign focal seizure disorder. 
Febrile seizures are common both in probands and fam-
ily members (5). However, to date the likely genetic basis 
of these disorders has eluded us. Panayiotopoulos has 
suggested that they (and possibly also febrile seizures) 
share a common age-related origin and all might be 
considered as manifestations of a “benign childhood 
seizure susceptibility syndrome” (5, 6). This is a com-
mon, genetically determined, mild and reversible, func-
tional derangement of the brain cortical maturational 
process. Benign childhood seizure susceptibility is often 
clinically silent and manifests in more than 90% with 
electroencephalographic (EEG) sharp and slow waves 
with an age-related localisation. The remaining 10% 
have infrequent focal seizures with symptoms that are 
also localization—and age related—and dependent. It 
is possible that a few of these children, with or without 
seizures, also have usually minor and fully reversible 
neuropsychologic symptoms that are rarely clinically 
overt and that can only be detected by formal neuro-
psychologic testing. Finally, there may be a very small 
number of patients (�1%) in whom this derangement of 
the brain maturation process may be further derailed in 
a more aggressive condition with seizures, neuropsycho-
logic manifestations, and EEG abnormalities of various 
combinations and various degrees of severity, such as in 
Landau-Kleffner syndrome, and epilepsy with continu-
ous spikes and slow waves during sleep (5, 6).

The benign focal epilepsies of childhood do not, as a 
whole, follow simple Mendelian inheritance. Vadlamudi 
et al found strong concordance for idiopathic generalized 
epilepsies in 26 monozygotic twins, but no concordance 
for rolandic epilepsy in 6 monozygotic twins (7). Of course,
this does not exclude Mendelian inheritance in indi-
vidual families with forms of benign focal epilepsy. 
Moreover, the EEG trait characterizing these disorders 
may show Mendelian inheritance, even if the seizure 
phenotype does not (8–10). If this is so, by implication, 
other genetic, environmental factors, or both must also be 
involved in producing the clinical seizure disorder (7). So far, 
the only genetic linkage reported for any of the benign 
focal epilepsies of childhood is to 15q14 for rolandic 
epilepsy (10, 11).

One of the most significant developments in epilep-
tology in the last decade has been the demonstration that 
many seizure disorders, albeit to date rare ones, arise as a 
consequence of mutations in genes encoding neuronal ion 
channels (12–14). Benign familial neonatal seizures, which 
are autosomal dominant with high penetrance, is caused by 
mutations in the voltage-gated potassium channel subunit 
gene KCNQ2 on chromosome 20q13.3 and KCNQ3 on 
chromosome 8q.13.3 (12–15). Similarly, benign familial 
neonatal-infantile seizures, also an autosomal dominant 
condition, is caused by mutations in the sodium channel 
subunit gene SCN2A (16). Given this evidence, the likeli-
hood that the benign focal epilepsies of childhood also 
result from mutations on genes encoding channel ions is 
high, although other mechanisms are not precluded (94).

Further fascinating clues regarding the pathogenesis 
of these disorders are descriptions linking them with non-
epileptic paroxysmal disorders. Families are described in 
which benign infantile seizures and paroxysmal choreo-
athetosis or dystonia occur (17). In some subjects one or 
other of these disorders is recognized, whereas in others 
both occur together, or else the benign infantile seizures 
subside but later the movement disorder begins. A pedi-
gree has also been described with three members in the 
same generation who had rolandic epilepsy, paroxysmal 
dystonia, and writer’s cramp (18).

Rolandic Epilepsy

Introduction and Definition. This disorder (19, 20), also 
called benign epilepsy of childhood with centrotemporal 
spikes (BECTS), was, in 1958, the first of the benign focal 
epilepsies to be recognized (by Beaussart et al [21]). Later 
its recognition in the United States was established by 
Lombroso (22). It is probably the single most common 
epilepsy syndrome after febrile seizures.

Rolandic epilepsy can be defined as an idiopathic 
benign focal seizure disorder of childhood manifested 
with seizures, which are usually infrequent and often 
single, and whose semiology reflects onset in the lower 
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part of the pre- and postcentral gyri. They are character-
ized by unilateral facial sensorimotor symptoms, oro-
pharyngolaryngeal manifestations, speech arrest, and 
hypersalivation. Secondary generalization is frequent. 
Interictal EEG shows high amplitude sharp and slow 
wave foci, which are usually localized to the central or 
centrotemporal electrodes.

Epidemiology. Rolandic epilepsy can start as early as 
1 year of age or as late as 15 years of age (23). However, 
three-quarters of cases have onset of seizure between 
7 and 10 years. Boys are more often affected, with a 
ratio of 3:2. Overall around 15% of children with sei-
zures aged 1 to 15 years of age are considered to have 
rolandic epilepsy. The EEG trait characteristic of rolandic 
epilepsy is considered to be inherited in an autosomal 
dominant manner.

Clinical Manifestations. Rolandic epilepsy, being 
idiopathic, is expected to occur in children who are 
otherwise normal. Three-quarters of seizures occur in 
non-rapid-eye movement (non-REM) sleep, usually 
shortly after sleep commences or before wakening. The 
most recognizable seizure manifestations involve oro-
pharyngolaryngeal symptoms and hemifacial motor, 
sensory, or more usually sensorimotor symptoms. Oro-
pharyngolaryngeal symptoms occur in just over one-half 
of seizures, with hemifacial sensorimotor manifestations 
occurring in around one-third of seizures.

Oropharyngolaryngeal symptoms consist of unilat-
eral sensory (numbness and parasthesia) and motor mani-
festations affecting the structures inside the mouth (i.e., 
tongue, inner cheeks, teeth, and gums) and the pharynx 
and larynx. The motor manifestations are responsible 
for gurgling, grunting, and guttural noises, sometimes 
producing a so-called death rattle.

The motor manifestations of the hemifacial sei-
zures consist of sudden, continuous, or bursts of clonic 
contractions usually localized to the lower lip and often 
accompanied by ipsilateral tonic deviation of the mouth. 
In a minority of cases the motor manifestations are more 
widespread with hemifacial clonic activity, sometimes 
with spread to the ipsilateral upper limb. The sensory 
manifestations of the hemifacial seizures are usually 
described as numbness or tingling in the corner of the 
mouth.

Speech arrest is very common in rolandic seizures, 
occurring in about 40% of patients. The cause is dis-
puted. Some refer to it as aphemia (implying a motor 
aphasia), others as aphonia (implying an inability to pro-
duce sound as a consequence of laryngeal dysfunction). 
Panayiotopoulos has argued that it is an anarthria or 
dysarthria (implying an articulatory disturbance) (19). 
In support of this, it appears to occur equally in left- 
and right-sided seizures. The child with speech arrest 

will often try to communicate using other means, such 
as gestures.

Hypersalivation is reported to occur in around 
one-third of rolandic seizures, and recently ictal syncope 
(described in detail later) has also been reported as a rare 
feature of rolandic seizures (5).

In more than one-half of rolandic seizures conscious-
ness is retained throughout the seizure, such that the child 
can often give a vivid description of his or her experiences 
after the seizure. However, spread of rolandic seizures is 
common, leading to impairment of consciousness and sec-
ondarily generalized tonic-clonic seizures (GTCS). Such 
spread is much more likely with seizures occurring in 
sleep; rolandic epilepsy is one of the commonest causes of 
nocturnal GTCS in children, whereas it is said to be only 
exceptionally associated with GTCS when awake.

Seizures in rolandic epilepsy are usually brief, mostly 
lasting 1–2 minutes. However, they may be longer if they 
progress to GTCS. Focal motor status epilepticus and 
hemiconvulsive status epilepticus, although rare, are well 
described. The latter is probably more common when the 
syndrome occurs in younger children. It may be followed 
by Todd’s paresis, usually sparing the face. Opercular status 
is encountered as part of the atypical evolution sometimes 
encountered in the syndrome (24). Convulsive status epi-
lepticus is exceptional.

EEG Features. The interictal EEG in children with 
rolandic epilepsy usually shows a normal background 
but with the hallmark centrotemporal (or rolandic) spikes 
(Figure 23-1). Despite their name, these are usually high 
amplitude sharp and slow wave complexes localized to 
the central (C3/C4) electrodes or midway between the 
central and temporal electrodes (C5/C6). They may be 
unilateral or bilateral, synchronous or asynchronous.

Centrotemporal spikes have been studied with EEG 
single- or multiple-dipole modeling computerized tech-
niques. The consensus is that their main negative spike 
component can usually be modeled by a single and sta-
ble tangential dipole source along the central (rolandic) 
region, with the negative pole maximal in the centro-
temporal and the positive pole maximal in the frontal 
regions (25, 26).

 Centrotemporal spikes are highly activated by sleep; 
normal sleep architecture is preserved.

The interictal EEG (especially if there is no sleep 
recording) may rarely be normal. Mild background slow-
ing may be a postictal effect, reflect antiepileptic drug 
medication, or may be seen if centrotemporal spikes are 
particularly abundant. Rarely small inconspicuous spikes 
may be seen, rather than those with the more character-
istic morphology. Sharp- and slow-wave complexes in 
areas outside the centrotemporal regions, such as occipi-
tal, parietal, frontal, and midline regions, may occur con-
currently with centrotemporal spikes. They are of similar 
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FIGURE 23-1

Centrotemporal spikes recorded from an 11-year-old girl with rolandic seizures that had been in remission for the last 3 years. Note 
that the spikes have their maximal amplitude in the central rather than temporal electrodes. (Top) EEG in wakefulness. (Top, left) 
Infrequent spikes occur independently in the right or left central electrodes (C4 or C3). (Top, right) Stimulation of the tips of the 
fingers elicited high amplitude central spikes, which were contralateral to the side of stimulation. Self-stimulation of the fingers elicited 
simultaneous bilateral central spikes. In clinical EEG practice, asking the child to tap together the palmar surface of the tips of his or 
her fingers of both hands is an easy method of testing for evoked spikes. The child should be instructed to strike them with sufficient 
strength and at random intervals. This may elicit either bilateral or unilateral central spikes. (Bottom) Frequency and amplitude of 
central spikes is markedly increased in sleep. In previous EEGs their abundance approached that of electrical status epilepticus in 
sleep. Despite marked EEG abnormalities over many years, the child was otherwise normal, did well in school, and had no linguistic 
or neuropsychologic deficits.
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morphology to centrotemporal spikes. Rarely, generalized 
discharges occur.

An unusual feature of the EEG apparent in some 
children with rolandic epilepsy is the provocation by 
tapping of the fingers or toes of extreme somatosensory 
evoked spikes (giant somatosensory evoked potentials) 
in the contralateral hemisphere (5, 27, 28). These are 
of identical morphology to centrotemporal spikes. It 
should be noted that although most often encountered 
in rolandic epilepsy, the phenomenon is not confined to 
this syndrome.

Centrotemporal spikes, the EEG hallmark of rolan-
dic epilepsy, peak at 8–9 years of age and occur in 2% 
to 3% of normal children; they are also common in chil-
dren with neurologic deficits who do not have epileptic 
seizures (29–31).

The frequency, location, and persistence of centrotem-
poral spikes do not determine the clinical manifestations, 
severity, and frequency of seizures or the prognosis (5).

There are very few ictal EEG recordings of rolandic 
seizures. Before the onset of the ictal discharge, centro-
temporal spikes become sparse. The ictal discharge then 
appears and consists of unilateral slow waves intermixed 
with fast rhythms and spikes located in the central regions 
(19, 20, 32). The ictal EEG features of rolandic epilepsy 
are shown in Figure 23-2 and compared to those of Pan-
ayiotopoulos syndrome.

Magnetoencephalography (MEG) studies have 
shown that the dipoles of the prominent negative sharp 
waves of rolandic discharges appear as tangential dipoles 
in the central (rolandic) region, with positive poles being 
situated anteriorly (32, 33). MEG findings in children 
with rolandic epilepsy are shown in Figure 23-3 and com-
pared with those in Panayiotopoulos syndrome.

Diagnostic Evaluation and Differential Diagnosis. There 
is controversy as to the extent to which children with 
suspected rolandic epilepsy require investigation. Inves-
tigations, other than EEG, are expected to be normal. 
Many, but not all authorities, consider that neuroimaging 
is not required if the clinical picture, taking into account 
age, the absence of any comorbidities, seizure semiology, 
and EEG features, are typical. Neuroimaging, preferably 
magnetic resonance imaging (MRI), is certainly indicated 
if atypical features are present or if the evolution is not as 
expected. Structural lesions in the rolandic regions may 
occasionally be found (34). If neuroimaging is routinely 
performed it may detect coincidental abnormalities (35). 
The significance of reports of hippocampal abnormalities 
in a minority of children with rolandic epilepsy remains 
to be determined (36–38).

Treatment. The ultimate prognosis in rolandic epi-
lepsy is almost certainly not influenced by regular AED 
treatment. Many authorities do not recommend such 

treatment routinely, reserving it for children whose sei-
zures are unusually frequent or unpleasant (for example, 
occurring while awake). Some are concerned about the 
risk of sudden unexpected death in epilepsy (SUDEP), 
although there is no strong evidence that this is a risk in 
rolandic epilepsy. If it is decided to treat, it is generally 
considered that seizures are easily controlled in most cases. 
However, a recent study suggested that only secondary 
GTCS, not focal seizures, were significantly reduced by 
such treatment (38). The evidence base for choosing a 
particular medication is poor; carbamazepine is probably 
used most often.

Course and Prognosis. Most children with rolandic 
epilepsy will have fewer than 10 seizures; indeed, single 
seizures are common (an argument for considering this 
as a benign seizure disorder rather than an epilepsy (23, 39). 
However, perhaps up to one-fifth of subjects will have 
frequent seizures, especially at the start of the disorder. 
The prognosis, however, remains excellent, with remission 
usually occurring within 1–2 years of onset and certainly 
before the age of 16 years (23). The risk of GTCS in adult 
life is less than 2% (similar to the normal population). 
There is probably a higher risk, however, of developing 
absence seizures (5).

The term “benign” should not be used to imply 
“trivial” or to suggest that rolandic epilepsy has no neu-
rodevelopmental effects. Transient cognitive impairment 
has been demonstrated as a consequence of centrotem-
poral spikes, raising interesting questions concerning 
the boundary between interictal and ictal EEG abnor-
malities (40–46). Some children with rolandic epilepsy 
develop mild, but not insignificant, speech, reading, 
and behavioral problems (40–46). It is not established 
whether AED treatment is useful in the management 
of such problems; the potential adverse cognitive and 
behavioral effects of such drugs should certainly be 
borne in mind.

Panayiotopoulos Syndrome

Introduction and Definition. This condition (47–54) was 
first described by Panayiotopoulos in a 30-year prospec-
tive study starting in 1973 (47, 50, 51, 53, 55–57). After 
rolandic epilepsy, it is the most common of the benign 
focal epilepsies of childhood and is typically manifested 
with autonomic seizures and autonomic status epilepticus. 
Autonomic seizures can be defined as epileptic seizures 
characterized by altered autonomic function occurring 
at the onset of the seizure or as the sole manifestation of 
the seizure. Autonomic status epilepticus is an autonomic 
seizure that lasts for more than 30 minutes (50, 51, 58).

Panayiotopoulos syndrome, because of its unusual 
ictal manifestations, is especially likely to be misdiag-
nosed as a nonepileptic disorder.
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FIGURE 23-2

Samples from video-EEG recorded seizures of rolandic epilepsy and Panayiotopoulos syndrome. (Top) Onset of a rolandic 
seizure captured during routine sleep video-EEG of a 9-year-old girl. Right-sided centrotemporal spikes (oblique arrows) and 
brief (2 to 4 seconds) generalized discharges of sharp slow waves intermixed with small spikes occurred in the interictal EEG 
only during during sleep. The exact onset of the electrical ictal event is not clear but started in the right centrotemporal regions
(open horizontal arrows) with 2- to 3-Hz slow waves and irregular, random, and monophasic medium-voltage spikes intermixed 
and superimposed on the slow waves. This activity tended to spread, and the amplitude of the spikes rapidly increased before 
the first clinical symptoms of left hemifacial convulsions, which occurred approximate 30 seconds from the onset of the EEG 
ictal changes (black vertical arrow). At age 18 years, she is entirely normal and is not taking medication. Modified from Refer-
ence 5 with the permission of the publisher. (Bottom) Onset of autonomic status epilepticus captured during routine video-EEG 
of a 4-year-old boy with Panayiotopoulos syndrome. High amplitude spikes and slow waves are recorded from the bifrontal 
regions (oblique arrows) before the onset of the electrical discharge, which is also purely bifrontal (open horizontal arrows).
The first clinical symptoms (black vertical arrow) with three or four coughs and marked tachycardia appeared 13 minutes (see 
time at the bottom of the figure) after the onset of the electrical discharge, when this had become bilaterally diffuse. Subse-
quent clinical symptoms were tachycardia, ictus emeticus (without vomiting), and impairment of consciousness. No other 
ictal manifestations occurred until termination of the seizure with benzodiazepines 70 minutes after onset. Another lengthy 
autonomic seizure was recorded on video EEG 1 year later. The onset of symptoms was different with mainly tachycardia and 
agitation despite similar EEG manifestations. Modified from Reference 71 with the permission of the authors and the editor 
of Epilepsy & Behavior.
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Panayiotopoulos syndrome can be defined as an 
idiopathic benign focal seizure disorder of childhood 
manifested with autonomic seizures, which are usu-
ally infrequent and often single. Characteristically, sei-
zure semiology includes emetic symptoms, which may 
be combined with other autonomic features. Syncopal-
like episodes may occur. Seizures are often prolonged 
(autonomic status epilepticus). Interictal EEG shows focal 
high amplitude sharp and slow wave complexes that, in 
serial EEGs, shift between various EEG electrodes.

Epidemiology (47, 50, 54, 59). Panayiotopoulos syn-
drome can start as early as 1 year of age or as late as 
14 years of age. However, 76% of cases begin between 3 
and 6 years of age and onset peaks at 4 to 5 years of age. 
It affects boys and girls equally. In those children with 
epilepsy who are 1–15 years old, prevalence is estimated 
to be 6%, rising to 13% in those 3–6 years old. There-
fore, a clinician might expect to see at least one case of 

Panayiotopoulos syndrome for every three cases of rolan-
dic epilepsy.

Clinical Manifestations (47, 50, 54, 56, 57, 59–65). Pan-
ayiotopoulos syndrome, being idiopathic, is expected to 
occur in children who are otherwise normal. Two-thirds 
of seizures occur during sleep, including daytime naps. 
No precipitants can be identified, although it has been 
noted that seizures appear to be particularly likely while 
traveling.

Seizures usually begin with emetic symptoms. These 
include one or more of nausea, retching, and vomiting. 
If asleep at seizure onset, the child may be found in bed 
retching or vomiting. However, many will first waken 
and complain of nausea. Seizures that occur when awake 
usually begin with a complaint of nausea often accompa-
nied by behavioral changes, particularly agitation. Dur-
ing the seizure the child commonly vomits a few times; 
but occasionally vomiting may be repeated many times, 

FIGURE 23-3

Magnetoencephalography (MEG) studies from two patients with rolandic epilepsy (left two columns) and a patient with Panayio-
topoulos syndrome (right two columns). In rolandic epilepsy, equivalent current dipoles of spikes are located and concentrated 
in the rolandic regions and have regular directions. In Panayiotopoulos syndrome, equivalent current dipoles of spikes are 
located and concentrated bilaterally in the rolandic regions and right occipital area. The directions of each equivalent current
dipole in each area are quite regular as if three small round toothbrushes are placed in each of the three areas. Small yellow 
circles represent locations and yellow arrows represent directions of equivalent current dipoles. Blue circles and arrows represent
bilateral somatosensory evoked magnetic field. Figure courtesy of Dr. Osamu Kanazawa.



34323 • BENIGN FOCAL EPILEPSIES OF CHILDHOOD

sometimes over hours. Seizures in Panayiotopoulos syn-
drome without at least one feature of the “emetic triad” 
are rare but do occur.

Other autonomic features may occur concurrently 
with or follow the emetic features. Pallor is very com-
mon; cyanosis and flushing are less common (50). Pupil-
lary abnormalities, especially mydriasis but also miosis, 
are frequently noticed by eyewitnesses, but will usually 
require prompting to obtain a report of them. Urinary 
and occasionally fecal incontinence may occur. A raised 
temperature may be suspected or measured during or 
immediately after a seizure and may represent a true ictal 
symptom, rather than being a precipitant of the seizure. 
Rarer ictal symptoms that have been reported include 
headache and other “cephalic sensations,” hypersaliva-
tion, and coughing (50, 59).

Once it was realized that autonomic features domi-
nated the seizures of Panayiotopoulos syndrome, it was 
natural to ask whether respiratory and cardiovascular 
irregularities might occur and, if so, whether these might 
be dangerous. Breathing changes are sometimes reported, 
particularly before convulsions (50). Tachycardia is cer-
tainly a feature of seizures recorded on EEG with simul-
taneous ECG recording (50, 66). Cardiorespiratory arrest 
during a typical seizure of Panayiotopoulos syndrome has 
been reported (67), and three other children with a diag-
nosis of Panayiotopoulos syndrome are also suspected to 
have had cardiorespiratory arrest (50).

When seizures occur in the awake state (or if the 
child awakens at the start of the seizure), the initial sei-
zure symptoms usually occur in full consciousness (simple 
focal seizure). However, and after a variable time, con-
sciousness usually becomes impaired (complex focal sei-
zure), although some awareness and ability to respond is 
often retained. Some observers report behavioral changes 
such as restlessness, agitation, and terror, apparently in 
full consciousness (50, 59).

Some seizures in Panayiotopoulos syndrome include 
features suggestive of syncope, with the child becoming 
pale, flaccid, and unresponsive (50). Often these features 
occur along with more typical ones, but can occasionally 
occur in isolation. The term “ictal syncope” or “ictal syn-
copal-like episodes” have been used to denote these (50, 
51, 53). It is not known if they are a result of transient 
hypoperfusion of the brain as in a true syncope.

When Panayiotopoulos syndrome was first 
described, ictal deviation of the eyes and often also the 
head were reported as prominent features. Reevalua-
tion of the data has confirmed that such versive  features 
are common. However, they usually occur around the 
time consciousness is becoming impaired, rather than 
at the start of the seizure.

Seizures in Panayiotopoulos syndrome often end in 
hemiconvulsions (around one-fifth of seizures) or GTCS 
(also around one-fifth of seizures).

An important feature of the seizures is that they are 
generally prolonged. Of those reported in the literature, 
44% lasted for 30 minutes or more (maximum reported 
is 7 hours). These episodes, therefore, represent a form of 
nonconvulsive status epilepticus and might reasonably be 
classified as autonomic status epilepticus. They may end 
spontaneously or as short hemiconvulsions or GTCS. The 
child is expected to have returned to normal within a few 
hours of such episodes. Convulsive status epilepticus is 
exceptional. The mean duration of nonstatus seizures in 
Panayiotopoulos syndrome is around 9 minutes.

EEG Features (47, 50, 54–57, 59–65). The interictal 
EEG of Panayiotopoulos usually shows a normal back-
ground with high amplitude sharp and sharp and slow 
wave foci (functional spikes), similar in morphology if 
not location to those seen in rolandic epilepsy. Previ-
ously the occipital location of these was emphasized, 
along with their occurrence in long trains (occipital 
paroxysms) and abolition by central fixation (fixation-
off sensitivity). It now appears that these features were 
overemphasized, and in Panayiotopoulos syndrome the 
characteristic functional spikes can occur in multiple loca-
tions, albeit with a posterior predominance. Multifocal 
spike foci are now considered a characteristic finding in 
Panayiotopoulos syndrome. These sometimes take the 
form of cloned-like, repetitive, mulifocal spike wave 
complexes in which repetitive spike or sharp and slow 
wave complexes appear concurrently in different brain 
locations of one or both hemispheres. The EEG abnor-
malities in Panayiotopoulos syndrome are accentuated 
in sleep. Figure 23-4 illustrates the variability of the 
interictal EEG in Panayiotopoulos syndrome.

Rarer EEG findings in Panayiotopoulos syndrome 
include small, sometimes inconspicuous, spikes, slow 
waves intermixed with small spikes and brief generalized 
discharges. Focal or diffuse slowing may be seen post-
ictally. Occasionally, repeated EEGs can all be normal. 
Although fixation-off sensitivity is common, photosen-
sitivity is exceptional.

The frequency, location, and persistence of spikes 
do not determine the clinical manifestations, severity, and 
frequency of seizures or the prognosis of Panayiotopoulos 
syndrome (53, 54).

A number of ictal EEGs in Panayiotopoulos syn-
drome have been reported showing focal discharges of 
rhythmic theta or delta, often with spikes. Onset is usu-
ally posterior (61, 66, 68–70), but may be anterior as 
shown in Figure 23-2 (61, 71).

In MEG combined with MRI, equivalent cur-
rent dipoles cluster preferentially in cortical locations 
along the parietal-occipital, the calcarine, or the cen-
tral fissure. The equivalent current dipole clustering 
may be unilateral or bilateral, monofocal or multifo-
cal (33, 72, 73). These findings are in keeping with 
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FIGURE 23-4

Interictal EEG variability in 11 children with Panayiotopoulos syndrome. Despite similar clinical features, EEG spikes are often
located in different, often shifting, brain locations. EEG may show a single focus, but multifocal locations are more usual. Some
interictal EEGs are similar to those seen in rolandic or idiopathic childhood occipital epilepsy. Brief generalized discharges may
occur. Of particular interest are the clonedlike, repetitive, multifocal spike wave complexes; these are as common in children 
with single seizures as in those with multiple seizures. Vertical bars separate the EEGs of an individual patient.
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the condition being a multifocal rather than a purely 
occipital epilepsy.

Diagnostic Evaluation and Differential Diagnosis. Panayi-
otopoulos syndrome is frequently mistaken for nonepileptic 
disorders and occasionally for other types of epilepsy. This 
reflects its unusual ictal clinical features and, for a benign 
epilepsy, its somewhat unusual interictal EEG features.

Because of the prolonged nature of seizures in Pan-
ayiotopoulos syndrome, many children present with it 
to emergency departments while they are still in an ictal 
state. However, if the main features of this are impaired 
consciousness and vomiting, an epileptic state may not 
even come into the differential diagnosis. Conditions such 
as encephalitis and meningitis are often considered. If the 
ictus terminates in a hemi- or generalized convulsion, this 
may merely strengthen the presumptive (but erroneous) 
diagnosis. Many such children end up intubated and 
treated in pediatric intensive care units with antibiotics 
and antiviral agents. The prolonged seizures of Panayioto-
poulos syndrome may also be confused with acute confu-
sional migraine and, if vomiting is particularly prominent, 
with cyclical vomiting syndrome or gastroenteritis. Some 
seizures may simply be dismissed as travel sickness.

The EEG of Panayiotopoulos syndrome may be sim-
ilar or identical to that of idiopathic childhood occipital 
epilepsy or rolandic epilepsy, and these conditions may be 
mistakenly diagnosed if the clinical history is ignored (74). 
More importantly, multifocal spike discharges and cloned-
like repetitive multifocal spike wave complexes may 
suggest more malignant epilepsies such as the Lennox-
Gastaut syndrome, although clinically these conditions 
are completely different.

Unlike the other conditions described in this chap-
ter, children with Panayiotopoulos syndrome commonly 
present to emergency departments while still seizing or 
in the immediate postictal period. Panayiotopoulos syn-
drome should be considered in the differential diagnosis 
of all previously well young children, especially those 
between the ages of 3 and 6 years, who have rapid onset 
of emetic symptoms followed by impaired (often fluctuat-
ing) consciousness. Eye or head deviation may be a useful 
finding. However, it may still be appropriate to manage 
the child for a suspected encephalopathy.

In the office setting, if Panayiotopoulos syndrome 
is suspected from the history, the most useful investiga-
tion is likely to be the EEG (including sleep if necessary). 
Symptomatic epilepsies may mimic Panayiotopoulos syn-
drome, so even if the history is typical, most authorities 
recommend neuroimaging. However, if MRI will require 
sedation or general anesthetic, CT may be appropriate. 
No other investigations are required.

Treatment. A recent consensus statement concluded that 
regular prophylactic AED medication was probably best 

reserved for children whose seizures were unusually fre-
quent, distressing, or otherwise significantly interfering 
with the child’s life (54). There are no high quality stud-
ies of what treatment is most appropriate. Carbamaze-
pine and sodium valproate appear equally efficacious. 
Given the benign nature of the condition, it is particu-
larly important to avoid adverse effects. Withdrawal of 
treatment after 1 or 2 seizure-free years is appropriate. 
The EEG is not helpful in deciding when to withdraw 
medication. Whether these recommendations will stand 
if it is confirmed that seizures in Panayiotopoulos syn-
drome can be associated with cardiorespiratory arrest 
remains to be seen.

Course and Prognosis. Total seizure count in Panayioto-
poulos syndrome is usually low. Around one-third of patients 
have a single seizure and only 5% to 10% will have more 
than 10; sometimes seizures are very frequent. The duration 
of active seizures is short; remission usually occurring within 
1 to 2 years from onset. About one-fifth of subjects with 
Panayiotopoulos syndrome will have one or more seizures 
typical of one of the other benign focal epilepsies of child-
hood, especially rolandic epilepsy (50, 53). However, the 
likelihood of seizures in adult life is probably no greater than 
in the general population.

Idiopathic Childhood Occipital Epilepsy 
(Late-Onset Childhood Occipital Epilepsy—
Gastaut Type and Idiopathic Photosensitive 

Occipital Lobe Epilepsy)

Introduction and Definition. Idiopathic childhood occipi-
tal epilepsy (5, 52, 75–80) with and without photosen-
sitivity was first established as an epileptic syndrome by 
Gastaut (75, 76). Recently, such subjects have generally 
been classified separately by the ILAE Task Force as late-
onset childhood occipital epilepsy—Gastaut type and 
idiopathic photosensitive occipital lobe epilepsy (3). The 
likelihood of remission in these syndromes is considerably 
less than it is for rolandic epilepsy and Panayiotopoulos 
syndrome. Their inclusion in this chapter could reason-
ably be questioned. However, it is convenient to consider 
them here because undoubtedly some children with these 
conditions remit completely.

Idiopathic childhood occipital epilepsy can be 
defined as an idiopathic focal seizure disorder of child-
hood manifested mainly by elementary visual seizures 
and ictal blindness, which are often frequent and usu-
ally occur without impairment of consciousness. EEG 
shows occipital epileptiform abnormalities, particularly 
so-called occipital paroxysms. Idiopathic photosensitive 
occipital epilepsy is an idiopathic focal seizure disorder 
mainly of childhood manifested mainly by elementary 
visual seizures provoked by various forms of environ-
mental light stimulation. EEG shows occipital or generalized
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photoparoxysmal responses to intermittent photic stimu-
lation and often spontaneous, mainly occipital, epilepti-
form abnormalities.

Epidemiology. Idiopathic childhood occipital epilepsy is 
reported as starting in children as young as 3 years of age 
and as old as 15 years of age. Peak age of onset is around 
8 years. Boys and girls are equally affected. Idiopathic 
photosensitive occipital epilepsy may start as early as the 
second year of life or as late as young adult life. However, 
it peaks at around 12 years of age. There is probably a 
slight female preponderance, but nowhere near as great 
as for photosensitivity per se. Both these epilepsies are 
rare. Panayiotopoulos estimated that idiopathic child-
hood occipital epilepsy accounted for about 2–7% of all 
benign focal epilepsies of childhood (78).

Clinical Manifestations. In both these syndromes the 
seizures are most characteristically manifested with ele-
mentary visual hallucinations. These usually consist of 
small multicolored circular patterns (79). Often they are 
reported as arising unilaterally in the periphery of a visual 
field, becoming larger and multiplying as the seizure pro-
gresses. They may move horizontally across the visual 
field, and other more complex movements are described. 
In some subjects normal vision is obscured by the halluci-
nations; in others it is retained. More complex visual hal-
lucinations, such as of formed shapes and faces, and visual 
illusions may also occur but are much less common. Visual 
illusions include distortions of shape and distance.

After elementary visual hallucinations, ictal blind-
ness is the second most common visual manifestation 
of seizures in these syndromes. It usually involves both 
visual fields but may be unilateral or involve only part 
of a hemifield. The subject usually reports everything as 
black, but occasionally everything goes white. Ictal blind-
ness is usually an initial manifestation of the seizure but 
may follow visual hallucinations.

Other ictal ocular symptoms are relatively common. 
Some subjects report sensations of their eyes being tugged 
or of ocular pain. Eye deviation, often with simultaneous 
head deviation, is also common, possibly occurring in 
about 70% of cases. It usually follows after the hallucina-
tions begin, although the latter may persist. Forced eye clo-
sure and eyelid blinking are other reported phenomena.

Most seizures are short lived, many lasting only a 
few seconds. However, some last a matter of minutes. 
Seizures with ictal blindness often last longer. Occasion-
ally, seizures (including those with blindness) can last for 
hours (status amauroticus).

There is a particularly strong association between 
seizures in these epilepsies and headache. This can be 
an ictal or postictal phenomenon, although the latter 
is more common. It often has a migrainous character. 
Indeed, it is likely that in many cases the seizure provokes 

a true migraine. In idiopathic photosensitive occipital 
lobe epilepsy, seizure symptomatology may also include 
autonomic features, including emesis, which characterizes 
Panayiotopoulos syndrome (77, 81).

Consciousness is preserved during most seizures but 
occasionally may become impaired. This often precedes 
secondary generalization with GTCS. In exceptional 
cases spread to cause temporal lobe type symptoms is 
reported.

In idiopathic childhood occipital lobe epilepsy sei-
zures are mainly diurnal and are usually quite frequent 
(often several each day or week). Occasional nocturnal 
seizures, often with hemiconvulsions or GTCS, are not 
infrequent.

In idiopathic photosensitive occipital lobe epilepsy, 
seizures are provoked by light factors. Video-game playing 
appears to be the most provocative, followed by watch-
ing TV. Some subjects are very photosensitive, and this 
is likely to be reflected in a high seizure frequency. Other 
subjects are less photosensitive and may have very few 
seizures. However, spontaneous seizures may also occur. 
It is also reported that some subjects with this epilepsy 
have other seizure types such as absences and myoclonic 
jerks provoked by photic factors.

EEG Features (5, 52, 75–82). The interictal EEG in both 
idiopathic childhood occipital epilepsy and idiopathic 
photosensitive occipital epilepsy is expected to have a 
normal background. In the former, occipital paroxysms 
are characteristic. However, in some subjects only isolated 
occipital spikes may be seen. Extraoccipital paroxysmal 
abnormalities may occur, but are much less common than in 
Panayiotopoulos syndrome. In some subjects EEG abnor-
malities may only be seen in sleep; occasionally both awake 
and sleep EEGs may be consistently normal. Figure 23-5 
illustrates occipital paroxysms and fixation-off sensitivity.

The ictal EEG is expected to show attenuation of 
occipital paroxysms followed by appearance of an occipi-
tal discharge of fast rhythms, fast spikes, or both.

In idiopathic occipital lobe epilepsy there may be 
no spontaneous epileptiform abnormalities or else there 
may be occipital spikes or paroxysms. Extraoccipital epi-
leptiform abnormalities may also be seen. Intermittent 
photic stimulation will, in all subjects, show occipital or 
generalized photoparoxysmal responses.

Diagnostic Evaluation and Differential Diagnosis. These 
syndromes, like all occipital epilepsies, are very prone 
to misdiagnosis as migraine. In part, this is understand-
able, because headache, often migrainous, as previously 
described, is common both ictally and postictally. How-
ever, the elementary visual hallucinations are unlike those 
of migraine. In the latter they tend to be black and white, 
rather than colored, and have jagged or sharp contours 
rather than being predominantly rounded.
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These syndromes may mimic symptomatic occipi-
tal lobe epilepsies, and neuroimaging, preferably MRI, 
is indicated. No other investigations, except EEG, are 
routinely required.

Treatment. Given the frequency of seizures in idiopathic 
childhood occipital epilepsy, including the likelihood of 
occasional GTCS, regular AED treatment is considered 
necessary in most if not all subjects. There are no con-
trolled studies comparing alternatives, although carba-
mazepine appears to be most often used in subjects who 
are not photosensitive. It is appropriate to attempt with-
drawal after two seizure-free years, although there is a 
significant risk of relapse.

Some subjects with idiopathic photosensitive 
occipital lobe epilepsy who are only mildly photosen-
sitive and who do not have spontaneous seizures can 
remain seizure free by avoiding precipitants. Others 
will require AED treatment. Broad spectrum agents, 

such as sodium valproate and levetiracetam, active 
against focal and generalized seizures and photosensi-
tivity, would appear to be reasonable choices. However, 
it appears that carbamazepine, not usually considered 
a useful drug for photosensitivity, may sometimes be 
effective.

Course and Prognosis. The prognosis for both idio-
pathic childhood occipital epilepsy and idiopathic pho-
tosensitive occipital lobe epilepsy is variable. A majority 
of the former, perhaps 50% to 60%, have remission of 
seizures within 2–4 years of them starting. However, in a 
significant minority seizures will continue into adulthood. 
In those with idiopathic photosensitive occipital lobe epi-
lepsy who are only mildly photosensitive and can control 
their exposure to relevant provoking factors, freedom 
from seizures may be easy. For others, particularly those 
who are highly photosensitive, the likelihood of seizures 
continuing into adult life is high.

FIGURE 23-5

Occipital paroxysms with fixation off sensitivity of an 11-year-old boy with idiopathic childhood occipital epilepsy. Occipital
paroxysms occur immediately after and as long as fixation and central vision are eliminated by any means (eyes closed, dark-
ness, plus 10 spherical lenses, Ganzfeld stimulation). Under these conditions, even in the presence of light, eye opening does 
not inhibit the occipital paroxysms. Conversely, occipital paroxysms are totally inhibited by fixation and central vision. Symbols
of eyes open without glasses indicate conditions in which fixation is possible. Symbols of eyes with glasses indicate conditions
in which central vision and fixation are eliminated. At age 18 years, he is entirely normal and is not receiving medication.
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Atypical Evolutions of the Benign Focal 
Epilepsies of Childhood

Less than 1% of children with rolandic epilepsy have 
so-called atypical evolutions (24, 32, 83). These include 
the development of severe linguistic, cognitive, or behav-
ioral problems. If such problems develop in a child with 
rolandic epilepsy, a sleep EEG should be obtained, 
because continuous spike-and-wave during slow-wave 
sleep (CSWS) may be present. The Landau-Kleffner syn-
drome is sometimes said to develop from rolandic epi-
lepsy. CSWS may also be seen in children with opercular 
status characterized by continuous positive or negative 
myoclonias around the mouth or elsewhere in the face 
and pseudobulbar problems. Atypical focal epilepsy of 
childhood in which other seizure types, including tonic 
and atypical absence seizures, occur may also develop in 
children with otherwise typical rolandic epilepsy.

There are also case reports of atypical evolutions in 
Panayiotopoulos syndrome, including the development of 
absences and drop attacks (32, 84, 85) and in idiopathic 
childhood occipital epilepsy with cognitive deterioration 
and CSWS (86).

Carbamazepine is sometimes implicated in precipi-
tating such atypical evolutions (87, 88).

Other Described Benign Focal 
Epilepsies of Childhood

The syndromes discussed previously are the only benign 
focal epilepsies of childhood currently recognized by 
the ILAE. However, others have been proposed and 
are more or less well characterized. They include the 
following.

Benign Childhood Seizures with Affective Symptoms (89).
This is reported to have its onset between 2 and 9 years 
of age and is characterized by multiple, usually short, 
daytime and nighttime seizures in which the predomi-
nant symptom appears to be fear or terror, accompanied 
by autonomic disturbances (pallor, sweating, abdominal 
pain, and salivation), arrest of speech, and mild impair-
ment of consciousness with automatisms. Interictal EEG 
shows sharp and slow wave complexes similar to those 
in rolandic epilepsy but located in the frontotemporal 
and parietotemporal electrodes. Remission in 1 to 2 years 
from onset is expected. This is likely to be an intermedi-
ate phenotype between Panayiotopoulos syndrome and 
rolandic epilepsy.

Benign Childhood Epilepsy with Parietal Spikes and Frequent 
Giant Somatosensory Evoked Potentials (28, 90). This 
putative disorder is mainly defined by its interictal EEG 
features reflected in its name. These features are, however, 
said to often be associated with a phenotype characterized 
by mainly daytime versive seizures, which are infrequent 
and have an excellent prognosis.

Benign Childhood Focal Seizures Associated with Frontal 
or Midline Spikes (5). Again this putative disorder is 
mainly defined by its interictal EEG features. These EEG 
features can be seen in children with febrile seizures, 
rolandic epilepsy, Panayiotopoulos syndrome, and idio-
pathic childhood occipital epilepsy.

Benign Focal Epilepsy in Infants with Central and Vertex 
Spikes and Waves During Sleep (91, 92). Benign focal 
epilepsy in infants with central and vertex spikes and 
waves during sleep has been recently described as a new 
benign syndrome. In terms of age of onset, it is on the 
borderline between benign infantile seizures and Panayio-
topoulos syndrome. Age at onset is in the first 2 years of 
life with both sexes equally affected. Infants are normal 
and all tests other than EEG are normal. Seizures consist 
mainly of staring, motor arrest, facial cyanosis, loss of 
consciousness, and stiffening of the arms. Clonic con-
vulsions and automatisms are rare. Duration is from 1 
to 5 minutes. Seizures are mainly diurnal (but may also 
occur during sleep) and may occur in clusters, but are gener-
ally infrequent (1–3 per year). Interictal EEG abnormali-
ties are seen only in non-REM sleep and consist of small, 
mostly singular, spikes and waves localized at the vertex 
and central electrodes.

There is a strong family history of epilepsy with 
benign epilepsies prevailing. The prognosis is excellent 
with remission of seizures, normal development, and nor-
malization of the EEG before the age of 4 years.

Benign Focal Seizures of Adolescence (5, 93). This 
syndrome of the second decade, and predominantly 
occurring in males, features a single seizure or a single 
cluster of seizures over a period of up to 36 hours. The 
seizures are mainly diurnal, with consciousness initially 
preserved. The main manifestations are focal clonic jerk-
ing, usually without a Jacksonian march, and somatosen-
sory symptoms. Secondary GTCS occur in about 50% 
of cases. EEG and brain neuroimaging are normal. The 
prognosis is excellent and treatment is not required.
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The Landau-Kleffner 
Syndrome and Epilepsy 
with Continuous
Spike-Waves during Sleep

he Landau-Kleffner syndrome 
(LKS) and epilepsy with continuous 
spikewaves during slow-wave sleep 
(CSWS) are recognized as specific 

epilepsy syndromes by the International League Against 
Epilepsy (ILAE) (1–3). They were first classified as epi-
lepsies and syndromes undetermined as to whether they 
are focal or generalized (2). They are now classified as an 
epileptic encephalopathy, defined as disorders in which 
the epileptiform abnormalities may contribute to pro-
gressive dysfunction (3). Other epileptic encephalopathies 
are early myoclonic encephalopathy, Ohtahara syndrome, 
West syndrome, Dravet syndrome, myoclonic status 
in nonprogressive encephalopathies, and the Lennox-
Gastaut syndrome (3). LKS and CSWS are also consid-
ered special syndromes of status epilepticus (4).

Overt clinical seizures are not present in all children 
with LKS or CSWS. Both syndromes typically present 
with regression in cognitive abilities, either a language 
regression, predominantly in LKS (1, 5), or a more global 
neuropsychiatric regression in CSWS (5–7), with each dem-
onstrating marked sleep-activated epileptiform activity on 
electroencepahlogram (EEG). Patry et al defined the term 
“electrical status epilepticus of sleep” (ESES) (6) before 
the identification of CSWS by the ILAE. However, ESES 
and CSWS are synonymous terms, and “status epilepticus 
during sleep” (SES) is also used (8). The strict definition of 

James J. Riviello, Jr.
Stavros Hadjiloizou

ESES requires the presence of sleep-activated epileptiform 
activity in greater than 85% of slow-wave sleep (6, 7). 
Veggiotti and colleagues emphasized the difference between 
the EEG pattern of CSWS and the epileptic syndrome of 
CSWS (9). Not all patients with a sleep-activated pattern 
consistent with ESES have the age-related epileptic syn-
drome of CSWS. We prefer using the term ESES to describe 
the EEG, and CSWS to describe the epileptic syndrome.

Regression in intellectual or cognitive abilities, asso-
ciated with behavioral problems, is the hallmark of these 
syndromes, and regression may even be the presenting man-
ifestation. In general, cognitive regression should always 
raise the suspicion of a sleep-activated epileptic encepha-
lopathy, especially in those with underlying developmental 
or neurological disorders. LKS and CSWS may respond 
to treatment with the standard antiepileptic drugs (AEDs) 
but often require other therapies, such as corticosteroids 
(10–15), high dose benzodiazepine (16, 17), and other 
immune-modulating therapies such as intravenous immu-
noglobulin (IVIG) (18–21), or the ketogenic diet (22, 23).

EPIDEMIOLOGY

LKS and CSWS are rare syndromes among the pediatric 
epilepsy syndromes. In a recent 20-year epidemiologic study 
of childhood epilepsy, Kramer and colleagues reported LKS 

T
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and CSWS in 0.2% each, compared with West syndrome 
in 9%, myoclonic seizures in 2.2%, and Lennox-Gastaut 
syndrome in 1.5% (24). Ohtahara syndrome and myo-
clonic astatic epilepsy also occurred in 0.2% each.

In a review of LKS, Smith and Hoeppner (25) noted 
that only 81 cases had been reported between 1956 and 
1980, whereas 117 cases were reported between 1980 
and 1990. For ESES, 19 cases had been reported between 
1971 and 1984 by Tassinari et al and another 25 were 
reported in the medical literature (7).

CLINICAL MANIFESTATIONS

The onset of LKS usually occurs in children older than 
4 years (26), with a range of 3 to 10 years (27). LKS may 
first manifest as an apparent word deafness or a verbal 
auditory agnosia. Seizures and behavior disturbances, par-
ticularly attention deficits and hyperactivity, each occur in 
approximately two-thirds of children with LKS (5). The 
majority of cases are classified as idiopathic, although 
any pathologic process affecting the auditory cortex may 
cause LKS. Symptomatic cases have been described (see the 
section on differential diagnosis), and we have seen symp-
tomatic LKS caused by a left temporal oligodendroglioma, 
with clinical improvement noted after resection.

The classical features of LKS are a verbal auditory 
agnosia (word deafness) followed by language regression, 
seizures, or both in a previously normal child who has 
an epileptiform EEG. An important corollary is normal 
hearing, because a central disorder cannot be diagnosed 
in the presence of peripheral dysfunction. Children with 
sleep-activated epileptiform activity without the classic 
features of LKS have been referred to as children with 
LKS variant (28). These variants include children with 
involvement of more anterior language areas with dys-
function characterized by oral-motor apraxia, sialorhea, 
seizures, and an abnormal EEG (29), referred to as ante-
rior LKS; children with pervasive developmental disorder 
(PDD, autism) with language regression and abnormal 
EEGs (30–32); and children with congenital aphasias (33), 
also called developmental language disorders, with or 
without clinical regression but with epileptiform EEGs, 
also referred to as developmental LKS.

The evaluation of LKS should include a baseline 
history, physical examination, sleep-deprived EEG, a for-
mal neuropsychological evaluation, neuroimaging, with 
magnetic resonance imaging (MRI) preferred, long-term 
video-EEG monitoring (LTM), and if needed, dipole analy-
sis, functional neuroimaging with single-photon emis-
sion computed tomography (SPECT), positron emission 
tomography (PET), or magnetoencephalography (MEG), 
and the frequency-modulated auditory evoked response 
(FM-AER). The FM-AER is an evoked response that tests 
receptive language function and is usually absent with a 
verbal auditory agnosia (34).

The hallmark of CSWS is regression in cognitive 
functioning and behavior, but not primarily language, as 
occurs in LKS. Although children with CSWS commonly 
have seizures, these may not be frequent. Tassinari et al 
reported 29 children with CSWS (7); all except 1 child 
had seizures, 1 had a single seizure, and 1 had only three 
seizures. Eighteen of these children had normal, and 11 
had abnormal, psychomotor development before onset. 
In the 18 with normal development, all had severe loss 
of IQ and behavioral disturbances, including decreased 
attention span, hyperactivity; aggression, difficulties with 
interaction and inhibition, and two children developed 
a psychotic state. In the 11 with abnormal psychomo-
tor development, mental deterioration occurred in all, 
3 developed a marked hyperactivity, and 1 showed “mas-
sive regression” including language and a loss of interest 
in all activities. Intellectual regression occurs in virtually 
all children, although we have seen several in which no 
regression has been seen. Attention deficits and hyperac-
tivity occur in the majority, and language disturbances, 
aggression, disinhibition, emotional lability, anxiety, and 
psychotic behavior may also occur. An expressive apha-
sia occurs, in contrast to LKS, which is characterized by 
verbal auditory agnosia (35).

The presence of ESES alone does not diagnose these 
specific epileptic syndromes. These are identified by the 
combination of the clinical manifestations and EEG find-
ings. Both LKS and CSWS may have the EEG pattern of 
ESES; LKS clinically consists predominantly of a language 
regression, with a more focal ESES pattern, whereas CSWS 
is characterized clinically by a more global neurobehav-
ioral disorder with a more generalized EEG pattern (36, 
37). LKS and ESES have been classified as benign epileptic 
syndromes; that term refers only to the evolution of the 
actual seizures and EEG patterns over time. Given the dev-
astating neuropsychological deficits that occur, we prefer 
to consider these malignant epileptic syndromes.

EEG FEATURES (INTERICTAL, ICTAL)

The EEG pattern of ESES may be seen with both syn-
dromes, but not all children with the ESES pattern may 
have these specific syndromes. Veggiotti et al emphasized 
the difference between the EEG pattern of CSWS and 
the epileptic syndrome of CSWS (9). In their series of 32 
patients with CSWS, only 10 (34%) had features of the 
CSWS syndrome, whereas in the remainder, 4 had LKS, 3 
had the acquired opercular syndrome, and 15 had symp-
tomatic epilepsy. Van Hirtum-Das and colleagues identi-
fied 102 children with ESES, using a spike-wave index 
greater than 25% (38). In this group, only 18% had LKS. 
Although CSWS was named for sleep activation during 
slow-wave sleep, this term is misleading because EEG acti-
vation occurs in non-rapid-eye movement (NREM) sleep, 
typically starting in drowsiness (8). This is our experience 
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as well. The spike-waves become fragmented during REM 
sleep, when focality may be seen, and the spike-wave index 
usually decreases below 25% (8). Upon awakening, the 
spike-wave frequency dramatically decreases again.

The EEG in LKS shows bilateral, multifocal spikes and 
spike-and-wave discharges, occurring usually in the pos-
terior regions, especially the more posterior regions, with 
a marked activation during NREM sleep (Figure 24-1). 
However, discharges occur in many locations and may 
even be generalized. The strict definition of ESES (spike-
wave index greater than 85%) is not absolutely necessary 
to diagnose LKS, because the spike-wave index may reach 
only 50% (25). The EEG may improve over time, either 
spontaneously or with treatment (39, 40).

There is speculation that EEG abnormalities are 
more likely present during the actual period of language 
regression, with subsequent EEG improvement. This may 
have been more likely in the past, before the recognition 
of LKS and CSWS. In the first 20 patients diagnosed 
with LKS or LKS variant at Children’s Hospital, Boston, 

reviewed by Bolanos et al, the EEG became normal in 
4 patients within a year (39).

Guilhoto and Morrell reported that when the ESES 
pattern was more focal, the LKS with language regression 
was the most prominent symptom, whereas when the ESES 
pattern was more generalized, the CSWS syndrome with 
generalized neurobehavioral dysfunction was the predomi-
nant symptoms (36). Guilhoto and colleagues subsequently 
reported 17 children with ESES. Five had LKS and the EEG 
showed diffuse activity with accentuation in the centro-
temporal region, whereas the others had widespread dis-
charges (37). Therefore, LKS and CSWS may have similar 
clinical and electrographic features. The EEG abnormali-
ties in LKS may be an epiphenomenon (41).

PATHOPHYSIOLOGY

The underlying mechanisms of LKS and CSWS are com-
plex and not yet specifically identified. However, it is 

FIGURE 24-1

 Electrical status epilepticus of sleep (ESES) electroencephalogram in a child with Landau-Kleffner syndrome.
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presumed that the neuropsychological deficits are, at least 
partially, the result of the epileptiform activity. Landau
and Kleffner (1) suggested that “persistent convulsive 
discharges in brain tissue largely concerned with lan-
guage communication result in the functional ablation 
of these areas.” Hirsch and colleagues agree with the 
hypothesis of a functional ablation (27). Poor daytime 
alertness due to sleep fragmentation may contribute to the 
neuropsychological deficits (42). Alternatively, the previ-
ous potential interrelations are a hypothesis, and a causal 
relation between abnormal interictal discharges and neu-
ropsychological deficits is still controversial (43). A valid 
argument is that the dysfunction may represent different 
manifestations of the same unknown, possibly genetically 
determined, underlying pathogenic mechanism. An argu-
ment against this hypothesis is that the suppression of 
discharges with medical or surgical therapy may, at least 
partly, reverse these cognitive deficits (44, 45).

Despite the controversy regarding the underlying 
pathophysiology of epileptic encephalopathies, the fol-
lowing three crucial questions await answers: (1) what 
are the mechanisms involved in the generation of such a 
significant, interictal, sleep activation; (2) what are the 
mechanisms involved in the cognitive or developmental 
regression that accompanies these conditions; and (3) 
what is the interrelation between the two, if any?

Although a genetic predisposition was questioned, 
there is no strong evidence to support such predilection (46). 
The response of the epileptiform discharges to corticoste-
roids raised the question of an autoimmune pathogenesis at 
least in a subset of patients including central nervous system 
(CNS) vasculitis or demyelination. IgG and IgM antibod-
ies to brain endothelial cells have been identified in these 
disorders (28, 47), with higher levels in the patients than 
in controls. Brain-derived neurotrophic factor (BDNF), 
BDNF autoantibodies, and IgM and IgG antibodies were 
elevated in some children with autism and childhood dis-
integrative disorder (CDD). The authors concluded that 
these findings suggest a previously unrecognized interaction 
between the immune system and BDNF (47). Autoantibod-
ies to rat brain auditory cortex, brainstem, and cerebellum 
have been identified in children with LKS (48).

There is increasing evidence that interictal EEG 
abnormalities can produce transient cognitive impair-
ment (49–55). Furthermore, benign rolandic epilepsy may 
be not so benign, because the interictal discharges may 
have a substantial effect on cognitive function (56, 57), 
at least for a subset of patients. Additionally, the pres-
ence of continuously abnormal discharges during sleep 
may cause disruption of hippocampal function and inter-
fere with the consolidation of memory (58–60). Hence, 
the potential impact of the persistent interictal discharges 
on brain plasticity is proposed as a mechanism for the 
resulting neuropsychological impairment in these children. 
More specifically, the occurrence of epileptiform discharges 

during a critical time of brain development may result in 
defective synaptogenesis and thalamocortical circuit for-
mation. Secondary bilateral synchrony, facilitated by the 
corpus callosum with involvement of thalamocortical con-
nections, was hypothesized as a possible mechanism for the 
generation of the epileptiform discharges (61–64).

DIAGNOSTIC EVALUATION AND 
DIFFERENTIAL DIAGNOSIS

The diagnosis starts by establishing an epileptic disturbance 
in the child with regression, usually first with a routine EEG. 
All pediatric epilepsy syndromes are classified as symptom-
atic, cryptogenic, or idiopathic. Symptomatic cases exist 
for both LKS and CSWS, although symptomatic cases are 
more frequent with CSWS. We have seen only one case of 
a symptomatic LKS, in a child with a left temporal oligo-
dendroglioma. However, other categories reported include 
infectious disorders, such as cysticercosis and toxoplasmo-
sis; inflammatory disorders, such as CNS vasculitis; demy-
elinating disease and acute disseminated encephalomyelitis 
(ADEM); congenital brain malformations, such as polymi-
crogyria; and tumors, including temporal lobe astrocyto-
mas and dysembryoplastic neuroepithelial tumors (DNET) 
(4, 5). Therefore, neuroimaging is warranted.

Typically in the idiopathic cases, no structural abnor-
malities are seen with routine neuroimaging, although 
bilateral volume reduction using an MRI cortical parcel-
lation technique has been reported in the superior tem-
poral gyrus (65) and perisylvian polymicrogyria has been 
reported in a single case (66). Functional neuroimaging 
has demonstrated temporal dysfunction with SPECT (67, 
68), PET (69, 70), or MEG scans (71). These studies are 
usually done when a patient has failed treatment and 
epilepsy surgery is considered.

The differential diagnosis of a sleep-activated EEG 
includes (3): LKS, CSWS, and PDD with regression, con-
genital aphasia or developmental language disorders, or 
the epilepsy syndromes benign focal epilepsy with centro-
temporal discharges, benign focal epilepsy with occipital 
discharges, atypical benign partial epilepsy of childhood, 
the Lennox-Gastaut syndrome, and myoclonic-astatic 
epilepsy (Doose syndrome). Language or intellectual 
regression associated with behavioral problems in any 
of these syndromes may make the differential diagno-
sis difficult and not all pediatric epilepsy syndromes are 
readily classified. In our experience, children with PDD 
with regression and an epileptiform EEG are the largest 
numbers of children referred for evaluation.

Clinical symptoms other than language regression 
have been reported with ESES. Hirsch and colleagues sug-
gested that the definition of LKS should be expanded to 
include the acquired deterioration of any higher cortical 
function in association with sleep-activated paroxysmal 
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features (72) and not limited just to language regression. 
Clinical manifestations include epileptic dysgraphia (73), 
visual agnosia (74), and an acquired frontal syndrome (75). 
We have seen one child with blindness (Figure 24-2) and 
another child with a prosopagnosia, with both demon-
strating a more posterior ESES on EEG.

TREATMENT

All children with LKS and CSWS should have a formal 
neuropsychological evaluation to guide their educational 
program and track developmental changes. Children with 
LKS will, especially, require intensive speech and language 
therapy. These two syndromes are associated with signifi-
cant neuropsychiatric comorbidities, and treatment for 
hyperactivity, attention deficit disorder, mood instabil-
ity, behavior problems, and even an autistic picture may 
require referral to a psychopharmacologist and psycholo-
gist. Despite control of seizures and EEG abnormalities, 
these children may have significant residual neurologic, 
psychological, and psychiatric dysfunction.

LKS and ESES have similar treatment but the specif-
ics are debated. Smith and Hoeppner recommend that the 
treatment goal is the complete elimination of epileptiform 
activity within 2 years (25). Treatment options include 
standard AEDs, corticosteroids (adrenocorticotropic 
hormone [ACTH] or prednisone), high-dose benzodiaz-
epines, intravenous immunoglobulins, or multiple subpial 
transections (MST). Although AEDs may control seizures, 
the language dysfunction may not improve, whereas corti-
costeroid treatment may control seizures and decrease the 
epileptiform activity and improve language (10–12). Early 
corticosteroid treatment has been considered the treat-
ment of choice for LKS (12). Because relapse may occur, 
LKS often requires long-term corticosteroid treatment, 
which increases the risk of side effects (15). Despite either 
AED or corticosteroid treatment, many children continue 
with language dysfunction. Regardless of treatment, 50% 
to 80% of children have long-term language or neurobe-
havioral abnormalities (76–78).

Landau and Kleffner reported a positive relationship 
between AED treatment and aphasia improvement (1). In 
1967, Deuel and Lenn reported a case with a clear rela-
tionship between AED treatment and language improve-
ment (79), and there have been subsequent reports of 
improvement with various AEDs. However, the conven-
tional wisdom is that the AEDs control the actual clini-
cal seizures but not the aphasia (11, 12). McKinney and 
McGreal reported a better response with steroids (10). 
Some children who had not responded to AEDs improved 
after steroid therapy (11, 12). They also thought that 
the rapidity of the response and the sequelae depend on 
the duration and severity of symptoms before treatment, 
that initial high doses are more effective, and that brief 

treatment is ineffective or leads to a high relapse rate. 
Both ACTH and prednisone have been used.

Both carbamazepine and valproate have been widely 
used, but there are no data suggesting that any one AED 
is better than others. We have seen several cases of chil-
dren treated with carbamazepine for seizures with focal 
epileptiform abnormalities on EEG who subsequently 
developed language regression with ESES. We prefer 
using AEDs with antiepileptogenic properties as first-line 
AEDs. The term anticonvulsant refers to suppression of 
seizures, whereas antiepileptogenic refers to suppression 
of the development of epilepsy or the underlying process 
that leads to epilepsy (80). We have historically preferred 
valproic acid (VPA) because it has both anticonvulsant 
and antiepileptogenic properties, and it may normalize 
EEGs. It is well known that carbamazepine may worsen 
the generalized epilepsies and may even worsen focal 
spike-and-wave discharges and activate the EEG (81–83). 
For ESES, VPA, benzodiazepines, and ethosuximide have 
been the most successful AEDs (7), and lamotrigine and 
levetiracetam have also been used. However, we have 
seen seizures worsen with every AED used. In general, 
for either LKS or ESES, if AEDs do not work, then high-
dose corticosteroids are used. These may work through 
GABAergic effects rather than immune mediation (84).

De Negri and colleagues introduced a high-dose diaz-
epam protocol for electrical status epilepticus (ESE) (85). 
They gave a rectal dose of 1 mg/kg with EEG monitor-
ing and continued a dose of 0.5 mg/kg orally for several 
weeks in those that responded. They found that those 
on chronic benzodiazepine treatment did not respond as 
well to this treatment. When a clinical relapse occurred, 
this dosing schedule was repeated. In the group of De 
Negri and colleagues with ESE, only 1 child had LKS 
and 1 had ESES. We modified this high-dose diazepam 
protocol, using 1 mg/kg either orally or rectally under 
EEG guidance, but then treated all children with a dose of 
0.5 mg/kg, orally for 3 to 4 weeks (17). If EEG showed no 
improvement, we rapidly tapered the diazepam. If EEG 
showed an improvement, we tapered then by 2.5 mg/
month. In our series, every child who initially responded 
and then had a rapid diazepam taper had either a clinical 
or electrographic regression. We now continue a main-
tenance diazepam dose, usually at a dose of 2.5 to 5 mg, 
for 2 years. The best responders to high-dose diazepam 
have been children with idiopathic LKS.

Tassinari et al recommend trials with several differ-
ent drugs, and they report that a long-lasting effect has 
been achieved with VPA along with clobazam, lorazepam, 
and clonazepam (8). Smith and Hoeppner recommend 
initial treatment with high-dose VPA, with or without 
a benzodiazepine, and, in the absence of response, then 
several months of corticosteroid therapy (25). Inutsuka 
and colleagues (86) reported their treatment results in 
15 children, using the following protocol: (1) VPA at 
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FIGURE 24-2

(A) Electroencephalogram (EEG) in child with blindness and posterior electrical status epilepticus of sleep (ESES). (B) EEG 
after high dose diazepam treatment; vision has recovered.
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levels greater than 100 mg/L, (2) combination of VPA plus 
ethosuximide, (3) short cycles of high-dose diazepam, (4) 
or intramuscular ACTH. Treatment with short cycles 
of ACTH (duration 11 to 43 days) or diazepam (DZP) 
(duration for 6 to 7 days) did not achieve long-term remis-
sion, whereas either high-dose VPA alone (n 	 7) or in 
combination with ethosuximide (n 	 3) achieved remis-
sion in 10 children (67%). We retrospectively analyzed 
our experience with ESES treatment in 12 children (87). 
Only 1 of 12 responded to initial short-term therapy with 
VPA. We used prednisone for 6 months in 6 children with 
the dose schedule outlined in Table 24-1 (88); 5 of 6 had a 
positive response, but 4 of 5 (80%) relapsed and required 
another course. Before the elective use of corticosteroids, 
immunizations should be up to date.

Alternate treatments including immunoglobulins 
and the ketogenic diet have been tried, with case reports 
documenting efficacy, but long-term follow-up data are 
limited (18–22). MST has been performed in selected 
children who failed medical therapy, and it may provide 
benefit (62, 89).

COURSE AND PROGNOSIS

In general, the outcome of epilepsy is favorable in both 
LKS and CSWS (90), whereas cognitive dysfunction occurs 
in the majority (25). The prognosis for LKS has varied, 
depending on the series. Mantovani and Landau conducted 
a long-term follow-up of the original children reported by 
Mantovani and Landau (91). In nine patients, with fol-
low-up that varied from 10 to 28 years, four patients had 
full recovery, one had a mild language disability, and four 
had moderate disability. Later studies have not reported 
as positive an outcome. Bishop did a literature review of 
45 children with LKS. The age of onset was related to 

the outcome, which was less favorable if onset occurred 
before 4 years of age (26). Shinnar and colleagues reported 
residual language dysfunction in 88% of children who 
had language regression, and most had autism or autis-
tic features (76). Deonna et al reported that only one of 
seven adult patients had normal language, with the six 
others demonstrating varying degrees of language deficits, 
some with complete absence of language (75). In a recent 
article on the neuropsychological follow-up of 12 patients, 
Soprano et al reported that 9 of 12 had a variable degree 
of persistent language deficit (78). Only 50% have been 
able to lead a normal life (62, 69).

The prognosis is poor in CSWS (92). In an adult fol-
low-up study of seven patients, only one had active epilepsy, 
but only two had been in a normal school setting (93). The 
two patients with LKS had a normal IQ, but had language 
deficits, whereas the five patients with ESES had global 
mental deficiency. Scholtes et al (94) performed a long-
term follow-up of 10 children with ESES, with a good 
recovery in only 1 child and a partial recovery in only 4. 
There are more residual deficits in CSWS, because this 
syndrome is more likely to be symptomatic, compared to 
LKS, which is more likely to be idiopathic.

TABLE 24-1
Six-Month Dosing Schedule for Oral Prednisone

2 mg/kg/day for 1 month (maximum dose 60 mg)
1.5 mg/kg/day for 1 month
1 mg/kg/day for 1 month
1 mg/kg every other day for 1 month
0.75 mg/kg every other day for 1 month
0.5 mg/kg/day every other day for 1 month

Note: Immunizations should be up to date before the elective 
use of corticosteroids.
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Idiopathic Generalized 
Epilepsy of Adolescence

Idiopathic generalized epilepsies 
(IGEs) are a distinct group of epi-
lepsies, clearly defined in the 1989 
International Classification of Epi-

leptic Syndromes and Epilepsies. This classification estab-
lished an important dichotomy between the idiopathic 
epilepsies on the one hand, and the symptomatic or cryp-
togenic epilepsies on the other (1). In prior versions of 
this classification, IGEs were referred to as primary gen-
eralized epilepsies, and symptomatic/cryptogenic general-
ized epilepsies were categorized under secondary general-
ized epilepsies. This nomenclature was revised because 
the term “secondary generalized” was confusing when 
applied to epilepsy, where it meant that the epilepsy was 
secondary to some other cause, whereas when applied 
to seizures, it means that the generalization is secondary 
from an originally focal seizure.

Unfortunately, the term “idiopathic” in the current 
classification is also confusing in the context of current 
medical terminology, because in every other area of medi-
cine “idiopathic” means “of an unknown cause.” It is 
now clearly understood that IGEs are primarily of genetic 
origin.

IGEs are age-dependent, meaning that a given geno-
type may express itself differently at different ages. This 
chapter will focus on the IGE seen in adolescence.

Reza Behrouz
Selim R. Benbadis

GENETICS & PATHOPHYSIOLOGY

IGEs represent a group of epilepsies best described as 
a genetically determined low threshold for generalized 
seizures, as opposed to symptomatic or cryptogenic gen-
eralized epilepsies, where there is an underlying anatomic 
(pathologic) abnormality. Investigations for microscopic 
lesions (e.g., microdysgenesis) in IGE, using structural 
imaging, have yielded inconsistent results (2). Functional 
imaging, not surprisingly, can show evidence for dif-
fuse dysfunction. Proton magnetic resonance spectros-
copy (MRS) has revealed frontal lobe (3) or thalamic 
(4) abnormalities.

Because they have “overlapping” genetic origins, it 
is appropriate and practical to view IGEs as a continuum 
of genetic conditions exhibiting variable phenotypes. 
Recent advances have identified IGEs linked to defects 
in genes encoding the subunits for voltage- or ligand-
gated ion channels including sodium, potassium, calcium, 
or chloride channels affecting the gamma-aminobutyric 
acid (GABA)A receptors. Hence, they are categorically 
referred to as “ion channelopathies” (5). For the clas-
sic and well-defined forms of IGE—juvenile myoclonic 
epilepsy (JME) or childhood absence epilepsy (CAE), a 
few mutations, including the KCNQ potassium channels 
and the ClC-2 chloride channel, have been implicated (6). 

C
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The pathophysiology (e.g., the concept of channelopa-
thies) and genetics of IGE are gradually being elucidated. 
Fundamentally, IGEs appear to be “phenotypes of many, 
often individually rare, gene defects” (7, 8).

The inheritance of IGEs is complex in the sense 
that it does not follow a well-defined Mendelian pattern. 
Moreover, phenotypic expression influencing semiology 
and frequency of a specific genotype may be quite vari-
able from one individual to another. This is likely due to 
different degrees of alteration of neuronal excitability 
induced by gene errors. At least for JME, a maternal 
inheritance has been proposed and confirmed by some (9). 
Nevertheless, it is reasonable to state that the genetic 
complexity of IGEs necessitates additional investigation 
in order to reach a conclusion regarding their precise 
mechanism of inheritance.

EPIDEMIOLOGY AND NATURAL HISTORY

IGEs constitute approximately 15–20% of all epilepsies 
(10). They affect all races equally and may have a slight pre-
dilection for women (11). Seizures usually, but not always, 
have an onset early in life, from childhood to early adult-
hood. In fact, IGEs are the most frequent group of epilepsies 
with an adolescent onset (12). IGEs are generally associated 
with low mortality and favorable response rate to treat-
ment. The morbidity from IGE is primarily a function of 
how well the condition is treated. As it will be mentioned 
further in this chapter, the response rate to antiepileptic 
drugs (AEDs) is good. Additionally, 50% of patients with 
IGE can outgrow them. A recent intriguing finding is the 
association between IGE and type 1 diabetes (13).

CLINICAL FEATURES (OF IGE IN GENERAL)

Overall, there are much more similarities than there 
are differences among the various types of IGE. These 
epilepsies manifest themselves by the same three seizure 
types, have similar electroencephalographic (EEG) find-
ings, are said to “evolve” into one another, and have 
overlapping genetic origins (family members may express 
different IGE syndromes). In all, IGEs are best viewed as 
a spectrum of conditions, and many of them may indeed 
represent a single entity with slightly different clinical 
phenotypes (14–19). Thus, there are good reasons to 
study them as a group. In addition, as will be discussed 
subsequently, making a diagnosis of IGE as a group (as 
opposed to localization-related epilepsy or a symptom-
atic/cryptogenic generalized epilepsy) has critical impli-
cations for patient care, whereas differentiating among 
the specific syndromes is relatively less important. The 
IGEs are genetically determined and have no structural or 
anatomic cause, and seizures are the only manifestation 

of the condition. Age of onset is very important, since 
IGE usually (but not always) begin early in life, from 
childhood to early adulthood. Neurologic examination 
is normal, intelligence is normal, imaging studies are nor-
mal, and EEG is normal other than for the epileptiform 
abnormalities (i.e., there is no abnormal slow activity or 
evidence for diffuse encephalopathy).

Seizure types in IGE include a combination of general-
ized tonic-clonic (GTC), absence, and myoclonic seizures.

 • Absence seizures are clinically characterized by 
a brief (5–15 sec) impairment of consciousness, 
with few or no other symptoms. More specifically, 
patients with IGE have typical absence seizures, 
characterized by an abrupt onset and termination 
and the classic monomorphic 3-Hz spike-wave com-
plexes (ictally and interictally) with no other EEG 
abnormality. By contrast, atypical absence seizures 
occur in symptomatic generalized epilepsy of the 
Lennox-Gastaut type and are less discrete in time, 
longer, and with slower and more polymorphic 
spike-wave complexes on EEG. Absence seizures are 
the defining and predominant seizure type in CAE 
and juvenile absence epilepsy, but they do occur in 
the other IGEs.

 • Myoclonic seizures consist of sporadic jerks, usually 
appendicular and symmetrical, associated electrically 
with generalized epileptiform discharges, typically 
polyspikes (Figure 25-1). Patients sometimes report 
them as an electric shock sensation. Myoclonic sei-
zures are the defining and predominant seizure type 
in JME, but they do occur in the other IGEs.

 • Generalized tonic-clonic (GTC) seizures are of course 
the most common type of seizures. GTC seizures in 
the IGEs are by definition “primarily generalized” 
GTC seizures. They are typically characterized by a 
tonic phase that which is gradually interrupted by 
quiescence, thus giving rise to the clonic phase, with 
rhythmic spikes and spike-wave complexes decreas-
ing in frequency. Often, primarily generalized GTC 
seizures begin with clonic or myoclonic jerks before 
the tonic phase, thus in reality being clonic-tonic-
clonic rather than tonic-clonic.

The morning predominance of convulsive seizures 
is a general feature in IGE that must be specifically asked 
about during history taking.

EEG FEATURES (OF IGE IN GENERAL)

The EEG findings of IGEs are characteristic, and consist 
of generalized epileptiform discharges with normal back-
ground activity (i.e., no abnormally slow background and 
no superimposed slow activity). Epileptiform discharges 
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can take the form of spikes, sharp waves, spike-wave 
complexes and polyspikes. Spike-wave complexes can be 
viewed as the EEG correlate of absence seizures, and poly-
spikes as the EEG correlate of myoclonic seizures. Just as 
patients with IGE have various combinations of the three 
seizure types described in the preceding section, they also 
have various combinations of generalized epileptiform 
abnormalities. Although epileptiform discharges are typi-
cally generalized and symmetric, minor EEG asymmetries 
may occasionally be present (20–23) and should not lead 
to a diagnosis of partial seizures (24).

 • Spikes and sharp waves are of high amplitude, with 
aftergoing slow waves disrupting the ongoing back-
ground. Those seen in IGE are generalized and typi-
cally maximal frontally (F3/F4 or Fp1/Fp2).

 • The spike-wave complexes seen in IGE are very 
monomorphic and have the classic frequency of 
3 Hz, but this may vary between 2.5 and 3.5 Hz 
and is often faster at the onset of the discharges 

(3.5 to 4.5 Hz). The near perfect monomorphism 
of the spike-wave complexes is as important as 
the 3-Hz frequency in distinguishing this pattern 
from the “slow” spike-wave complexes seen in the 
symptomatic generalized epilepsies of the Lennox-
Gastaut type. They are generalized and symmetric 
with a maximum negativity frontally, almost always 
at F3 and F4. The onset and offset are abrupt. The 
3-Hz spike-wave complexes are both an interictal 
and ictal pattern. The border between the two is 
imprecise because the clinical impairment may be 
difficult to detect during short discharges. It is gen-
erally stated that a discharge of about 3 seconds 
or more is associated with detectable impairment 
of awareness, but this depends of how well short 
impairments can be detected. The use of a clicker to 
test responsiveness can be very useful to document 
very brief impairments in awareness. Clinical sei-
zures and the 3-Hz spike-wave complexes discharges 
are often precipitated by hyperventilation. The 3-Hz 

FIGURE 25-1

Typical generalized polyspike during drowsiness in a 17-year-old adolescent with typical juvenile myoclonic epilepsy. Note the 
high amplitude (see scale) and the aftergoing slow wave and suppression. This discharge was asymptomatic.
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frequency, and also the striking monomorphism of 
the spike-wave discharges, distinguish absence epi-
lepsy from other syndromes. Spike-wave complexes 
can be faster (i.e., 4–6 Hz), especially in patients 
with IGE of adolescence, as opposed to those with 
typical CAE.

 • Polyspikes (Figure 25-1) are also of high amplitude, 
generalized, bilateral, and grossly symmetric, and 
followed by significant slowing. Polyspikes are the 
electrical correlate of myoclonic seizures, and as 
such they are typically seen in IGE syndromes that 
include this seizure type, most characteristically 
JME. Polyspikes can be repetitive and described as 
polyspike-wave complexes.

 • Photosensitivity is particularly frequent and, in fact, 
quite typical of IGE (25). Photosensitivity can be 
purely an EEG phenomenon, where photic stimula-
tion elicits a photoparoxysmal response (Figure 25-2). 
It can also be a clinical phenomenon, where photic 
stimulation triggers a clinical seizure as well (typically 
motor seizures, i.e., myoclonic and GTC seizures).

Just as convulsive seizures tend to predominate in 
the morning in IGE, epileptiform discharges on awakening 
appear to be typical of IGE (26).

TREATMENT

Fortunately, IGEs respond well to therapy if the correct 
AED is administered. In general, 80-90% will become 
fully controlled. As mentioned earlier, some (such as typi-
cal childhood absence epilepsy) have a tendency to be 
outgrown.

Correct diagnosis of IGEs (at least as a group) is 
critical, as the choice of pharmacologic treatment mat-
ters. There is good evidence that not all AEDs are optimal 
choices for IGEs, and some may potentially worsen the 
condition (27–36, see Table 25-1). In fact, up to 70% of 
patients with IGE initially receive an ill-advised AED, which 
causes the seizures to increase in frequency or appear intrac-
table (pseudo-intractability) (37). The use of inadequate 
AEDs in IGE can also result in absence or myoclonic sta-
tus epilepticus (36). In general, sodium channel blockers, 
including phenytoin, carbamazepine, and oxcarbazepine, 
and GABAergic molecules, such as gabapentin, viagabatrin, 
and tiagabine, are not advisable in patients with IGE. The 
exact mechanism for these agents’ lack of therapeutic effect 
and occasional harmful effect has not been established.

Valproic acid is the classic drug of choice for the 
treatment of IGEs. Both ethosuximide and valproic acid 
are very effective against absence seizures. In patients 

FIGURE 25-2

Photoparoxysmal response in an 18-year-old girl with generalized tonic clonic seizures. Photic stimulation (bottom channel) 
on 2 occasions triggers a brief but clear burst of spike-wave complexes. This discharge was asymptomatic. The patient also had 
similar discharges of spike-wave complexes without photic stimulation.
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with both absence and generalized tonic-clonic (GTC) 
seizures, valproic acid is the medication of choice. A good 
argument can be made to select valproic acid over etho-
suximide even in absence epilepsy, since 50% of patients
with absence will develop GTC seizures. However, since 

children with typical (pure) childhood absence epilepsy 
rarely develop GTC seizures until the second decade, etho-
suximide can be the drug of choice in young children. The 
limiting factors in the use of valproic acid are its potential 
long-term side effects, including weight gain, hair loss, 
tremor, teratogenicity, and polycystic ovarian disease. 
Ethosuximide is generally associated with a favorable side 
effect profile. It should be used cautiously with patients 
who have blood dyscrasias or abnormal renal function.

The newer AEDs are promising based upon growing 
evidence (38), and their place in the treatment of IGE is 
evolving. Newer AEDs are typically approved initially 
as adjunct for partial epilepsies, and only later are some 
of them tested for and approved for IGE. Thus, their use 
in IGE may be “off-label” (39–53, Table 25-2). In this 
regard, however, it should be pointed out that no AED, 
even standard ones like VPA, has specific indications for 
epilepsy syndromes, so that the “off-label” terminology 
in this context is a little artificial. In the recent years, topi-
ramate, levetiracetam, and lamotrigine have received spe-
cific approval for IGE (Table 25-2). Lastly, levetiracetam 
has also recently (August 2006) received specific approval 
as “adjunctive therapy in the treatment of myoclonic sei-
zures in JME,” which in practice means JME (with both 
GTC and myoclonic seizures), and probably implies effi-
cacy in the IGEs as a group. As usual newer AEDs first 
obtain approval as adjunctive therapy. However, no AED 
has ever been found to work as adjunctive therapy and 
not in monotherapy, and there is no doubt that these 
newer AEDs will work in monotherapy.

TABLE 25-1
Published Evidence That Some AEDs Are 
Not Effective in IGEs and May Exacerbate 

Some Seizure Types

 SEIZURE

OR

 EPILEPSY

 TYPE

AED STUDIED REFERENCE

CBZ IGE Snead and Hosey, 1985 (27)
CBZ, PHT JME Genton et al, 2000 (28)
GBP CAE Trudeau et al, 1996 (29)
TGB IGE Knake et al, 1999 (30)
CBZ Unclear Shields and Saslow, 1983 (31)
CBZ Mixed Horn et al, 1986 (32)
CBZ Unclear Liporace et al, 1994 (33)
CBZ Unclear Talwar et al, 1994 (34)
PHT, CBZ JME Panayiotopoulos et al, 1994 (35)
Multiple IGE Thomas et al, 2006 (36)

IGE: idiopathic generalized epilepsy; JME: juvenile myo-
clonic epilepsy; CAE: childhood absence epilepsy. CBZ: carbam-
azepine, GBP: gabapentin, PHT: phenytoin, TGB: tiagabine.

TABLE 25-2
Published Evidence of the Efficacy of New AEDs in the IGEs

 SEIZURE OR EPILEPSY

AED TYPE STUDIED N REFERENCE

LTG Absence 45 Frank et al, 1999 (39)
LTG IGE 26 Beran et al, 1998 (40)
TPM GTC 8 Biton et al, 1999 (41)
LEV Photosensitive 12 Kasteleijn-Nolst-Trenite et al, 1996 (42)
LEV IGE 3 Cohen, 2003 (43)
LTG, ZNS IGE 3 Wallace, 1998 (44)
TPM Absence 5 Cross 2002 (45)
LTG JME 63 Morris et al, 2004 (46)
ZNS JME 15 Kothare et al, 2004 (47)
LEV JME 35 Labate et al, 2006 (48)
LEV IGE 19 Di Bonaventura et al, 2005 (49)
LEV IGE 55 Krauss et al, 2003 (50)
LEV IGE 25 Kumar and Smith, 2004 (51)
LEV IGE 8 Rocamora et al, 2006 (52)
TPM JME 22 Biton et al, 2005 (53)
LTG1 GTCS 117 Biton et al. 2005 (74)
LEV1 GTCS 80 Berkovic et al. 2007 (75)

LEV: levetiracetam; LTG: lamotrigine; TPM: topiramate; ZNS: zonisamide.
1Double-blind placebo-controlled studies.
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INDIVIDUAL SYNDROMES

Juvenile myoclonic epilepsy, juvenile absence epilepsy, and 
epilepsy with generalized tonic-clonic seizures (GTCS) on 
awakening are the three syndromes of idiopathic gener-
alized epilepsy of adolescent onset currently included in 
the ILAE classification. Childhood absence epilepsy is 
discussed in Chapter 22.

Juvenile Myoclonic Epilepsy (JME)

JME is one of the most common forms of epilepsy seen in 
the adolescent population, and is one of the best-defined 
syndromes. Although there is some controversy, JME 
appears to represent a unique phenotype among IGEs 
(54). The genetic abnormality in JME has been linked 
to a gene locus on chromosome 6 (55). In about 80% 
of cases, it has an age onset of between 12 and 18 years 
(mean 14.6 years) (56). Seizures occur predominantly in 
the morning, just upon awakening, in a cluster fashion, 
and are highly sensitive to sleep deprivation, stress, fatigue, 
or alcohol. Clusters of myoclonic seizures typically herald 
a GTC seizure. In fact, this pattern of clonic-tonic-clonic 
rather than tonic-clonic seizures is quite typical of JME, or 
at least IGE. Because JME begins as sporadic myoclonic 
seizures before the patient develops GTC seizures, it is 
often underdiagnosed and requires careful history taking, 
specifically inquiring about morning jerks.

Photosensitivity is very common in JME and is 
found in 30% of patients, the highest rate of all epilep-
sies (25). The characteristic EEG pattern in JME consists 
of discharges of high-amplitude generalized symmetric 
and synchronous 4–6 Hz polyspike-wave complexes.

Probably the most unique feature of JME among 
IGEs is that it is not outgrown and requires lifelong treat-
ment, as the rate of recurrence is very high after discon-
tinuation of medication, even after a long remission.

Juvenile Absence Epilepsy (JAE)

The individualization of JAE as a separate syndrome is 
relatively recent (1, 57, 58), because the clinical bound-
aries of JAE are rather imprecise. JAE falls somewhere 
in-between childhood absence epilepsy and JME on 
the spectrum of IGE, and it can have features of both. 
Most cases begin near or after puberty, typically between 
10 and 17 years of age (59).

Absence seizures are similar though, less “pure” than 
those of CAE. They are clinically characterized by a brief 
(5–15 seconds) impairment of consciousness with abrupt 
onset and termination represented electrographically with 
a classic pattern of 3-Hz spike-wave complexes. During 
these episodes, the patient often displays automatisms 
manifesting as lip-smacking, eye blinks, or repetitive head 
movements. The spells have an abrupt onset (without 

warning) and termination, a feature distinguishing them 
from complex partial seizures. In general, these seizures 
can be reliably provoked by having the child hyperven-
tilate for 3 to 5 minutes.

“Other” IGE or IGE “NOS” or Adult-Onset IGE

In addition to the preceding well-defined syndromes, many 
patients with IGE, perhaps the majority (37), either have 
features that do not meet criteria for a specific syndrome or 
have hybrid features. Seizures typically begin in young adult-
hood, and neurologic examination is normal. A positive 
family history is not uncommon. Seizures may predominate 
in the morning, may be photosensitive, and are sensitive 
to sleep deprivation. The 1989 ILAE epilepsy classification 
individualized “epilepsy with grand-mal seizures on awak-
ening” and “epilepsies with specific modes of precipitation,” 
but these entities are less well defined and too restrictive. 
In that scheme, most adults with IGE would not fit into 
any syndrome. Thus the evolving classification of IGEs 
uses more inclusive terms such as “IGE with GTC seizures 
only” (60). Other terms for the same condition include the 
“adult-onset IGE” (61) and IGE with pure grand mal (62). 
This common syndrome is typically characterized by GTC 
only, and likely the same as GTC “on awakening” in which 
seizures are not limited to the morning. When other seizure 
types exist in these IGEs, the seizures can clinically include 
mixed features, giving rise to confusing names. For example, 
seizures with features of both absence and myoclonic jerks 
can be referred to as “myoclonic absence.” Examples of 
questionable syndromes include some reflex epilepsies, such 
as photosensitive GTC seizures (63), epilepsy with GTC 
seizures on awakening (1), epilepsy induced by thinking and 
spatial tasks (64, 65), or adult myoclonic epilepsy (66). In 
fact, many such variants can be described as, or hypothetized 
to be, individual syndromes, but it is more practical to view 
them as variations within the continuum of IGE (60).

Similarly, the EEG patterns can show mixtures of 
generalized epileptiform discharges of any type (spikes, 
sharp waves, spike-wave complexes, and polyspikes) 
and photosensitivity, but can vary to become a hybrid 
of spike-wave complexes, polyspikes, polyspike-wave 
complexes, and spikes (21).

Thus, in many patients (especially adolescents and 
young adults), pigeonholing the IGE syndrome is not 
necessary and may be futile, but it is critical to diagnose 
the patient correctly as having an IGE rather then a local-
ization-related epilepsy, since this has crucial therapeutic 
and prognostic implications.

MEDICALLY INTRACTABLE IGE

The entity of “medically intractable” IGE is not well rec-
ognized and has received little attention because the vast 
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majority of patients with IGE are fully controlled with 
AEDs. In addition, most patients with IGE that are not 
controlled are not truly intractable but instead have been 
treated with inadequate AEDs (37, 67, 68). Nevertheless, 
epilepsy centers encounter patients with clear IGE who 
are refractory to medications. For these patients, there is 
some preliminary evidence that vagus nerve stimulation 
(VNS) is a good option. VNS may have comparable effi-
cacy against IGE as it does in localization-related epilepsy 
(69, 70), but this (like newer AEDs) is off-label use. One 
study in an animal model of absence epilepsy found no 
benefit of VNS (71). Another option in truly intractable 
IGE may the ketogenic diet, but no data are available to 
support this.

Secondary bilateral synchrony, in which frontal 
lobe epilepsy masquerades as IGE, should be considered 
when seizures appear refractory, but in the absence of a 
structural lesion or other clear evidence for focality, this 
should not be pursued surgically (24).

CONCLUSION: THE IMPORTANCE OF 
MAKING THE DIAGNOSIS OF IGE

Making a diagnosis of IGE is a critical step in the man-
agement of patients with seizures. Making a diagnosis 
of the specific type of IGE is often not possible, usually 
controversial, and is not necessarily important, but a 
diagnosis of IGE (as a group) is critical. First, the cause 
is not “unknown.” Rather, it is a genetically determined 

low threshold for seizures. This is easier for patients and 
families to accept. Second, not all AEDs are equal for 
IGE. Missing the diagnosis of IGE results in inadequate 
drug treatment and poor seizure control (37). Third, a 
diagnosis of IGE has important (usually optimistic) prog-
nostic implications.

Unfortunately, it is often taught that adults with 
epilepsy should be assumed to have partial (focal) epi-
lepsy. Staring spells are loosely labeled “complex par-
tial” seizures, and GTCs are assumed to be secondarily 
generalized (61). This assumption should be avoided, as 
it will be wrong at least 25% of the time in adults, and 
even more so in adolescents. A significant proportion 
of IGEs begin beyond childhood and adolescence: 28% 
after age 20 (61), and 35% after age 18 (72). And in a 
study of 300 patients with new-onset seizures (a mean 
age of 31), a quarter turned out to have an IGE (73). The 
EEG, when abnormal, is extremely helpful and clearly 
points to IGE. Occasionally the diagnosis will require 
video-EEG monitoring. In practice, young adults with 
rare GTCs often have normal EEGs, and it may be dif-
ficult to determine whether they have IGE or a focal 
(e.g., frontal lobe) epilepsy. In this situation, one should 
keep an open mind and not assume partial epilepsy. In a 
patient with infrequent GTC seizures and a normal (not 
helpful) EEG, the diagnosis should not be assumed to be 
localization-related epilepsy. Instead, it is prudent to keep 
an open mind, using a diagnosis such as “epilepsy with 
GTC seizures, type (IGE vs focal) uncertain,” and to use 
broad-spectrum AEDs.
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Progressive Myoclonus 
Epilepsies

he syndrome of progressive myoc-
lonus epilepsy (PME) consists of 
myoclonic seizures, tonic-clonic 
seizures, and progressive neurologic 

dysfunction, particularly ataxia and dementia. Onset may 
be at any age but is usually in late childhood or adoles-
cence. Myoclonus in PME is typically fragmentary and 
multifocal and often is precipitated by posture, action, or 
external stimuli such as light, sound, or touch. It is par-
ticularly apparent in facial and distal limb musculature. 
Bilateral massive myoclonic jerks, which tend to involve 
proximal limb muscles, may also occur (1, 2).

In its fully developed form with florid, unremitting 
myoclonic seizures and progressive neurologic deteriora-
tion, diagnosis of the PME syndrome can hardly be missed. 
Diagnosis may be more difficult in the early stages, and 
confusion with more benign epilepsies is common. There 
are a large number of causes of the PME syndrome; most 
are due to specific genetic disorders, which can now be 
accurately diagnosed in life. Spectacular advances in the 
molecular genetics of these disorders have occurred in 
the last few years (Table 26-1).

Diagnosis of the specific type of PME is challeng-
ing, as most individual clinicians have limited experience 
with these rare disorders. The main causes of PME are 
described in this chapter, which is largely derived from 
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another publication (3). Description of the rarer forms 
can be found elsewhere (1–3).

UNVERRICHT-LUNDBORG DISEASE

Unverricht-Lundborg disease is the prototypic cause of 
PME (4, 5). No storage material is present, but there is 
neuronal loss and gliosis, particularly affecting the cer-
ebellum, medial thalamus, and spinal cord (6).

Clinical Features

Clinical onset is with myoclonus or tonic-clonic seizures 
between the ages of 8 and 13 years (mean 10, range 6–16).

The myoclonus usually is quite severe and may be 
precipitated by movement, stress, or sensory stimuli. 
Repetitive morning myoclonus is also typical, frequently 
building up and culminating in a major tonic-clonic sei-
zure (7, 8). Seizures may be difficult to control, but pro-
gression in terms of ataxia and dementia is mild and late. 
The clinical course is variable, and there may be consider-
able intrafamily variation in the severity of the seizures. 
Some patients are relatively mildly affected and survive 
to old age. Others have a more fulminant course, with 
death within a few years of onset; this outcome seems 
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to be rare now and may have been due to unrecognized 
deleterious effects of phenytoin (9, 10).

The electroencephalogram (EEG) background may 
show some diffuse theta that increases over years as well 
as some frontal beta activity. Epileptic activity consists 
of 3–5 Hz spike-wave or multiple spike-wave activity 
with the maximum field being anterior. Sporadic focal 
spikes, particularly in the occipital region, may be seen 
but are usually not prominent. Photosensitivity typically 
is marked. The spike-wave activity is diminished during 
non–rapid-eye-movement (non-REM) sleep (8, 11).

Genetics

Unverricht-Lundborg disease is an autosomal recessive 
condition (12) initially recognized as a geographic cluster 
in Finland and eastern Sweden (hence the name “Baltic 
myoclonus”). An erroneous but frequently held view is 
that this disorder is confined to the Baltic region. Clusters 
of a phenotypically identical disorder, the so-called “Med-
iterranean myoclonus,” occur in southern Europe and 
North Africa (13). It is also found sporadically worldwide 
in Caucasians, blacks, and Japanese (9, 14, 15).

The disorder was linked to the long arm of chromo-
some 21 in Finnish cases in 1991 (16), and the gene for cys-
tatin B was identified as the responsible gene in 1996 (17). 
The clinical prediction that similar cases seen outside the 
Baltic region have the same condition was confirmed by 
showing the identification of mutations in the cystatin B 
gene (CSTB) in families from around the world. The com-
monest mutation, responsible for about 90% of abnormal 
alleles, is an unstable expansion of a dodecamer repeat 
in the 5� untranslated promoter region. The remaining 
mutations are missense mutations (18–21).

Diagnosis

Unverricht-Lundborg disease is recognized clinically 
by its characteristic age of onset and clinical pattern, 
with an absence of other clinical or pathologic features. 
Diagnosis is confirmed by molecular genetic study of 
the cystatin B gene.

MYOCLONUS EPILEPSY WITH 
RAGGED RED FIBERS

The syndrome of myoclonus epilepsy with ragged red 
fibers (MERRF) has emerged as one of the most common 
causes of PME. It may be familial or sporadic, and its 
clinical features and severity are extremely variable.

Clinical Features

Myoclonus epilepsy with ragged red fibers was first 
described in cases with a florid clinical myopathy and 
myoclonus epilepsy (22, 23). It is now clear that the clini-
cal spectrum of MERRF is extremely broad. It should 
be suspected in a wide variety of situations, even when 
clinical and pathologic evidence of myopathy are absent 
(24). Symptoms may begin at any age, and there may 
be marked intrafamily variation in the age of onset and 
clinical severity (24, 25). The clinical features include 
myoclonus, tonic-clonic seizures, dementia, and ataxia, 
with less common findings of myopathy, neuropathy, 
deafness, and optic atrophy. Some cases show striking 
axial lipomas. Occasional patients or families have focal 
neurologic events, and there is an overlap with the syn-
drome of mitochondrial encephalomyopathy, lactic acido-
sis, and strokelike episodes (MELAS), in which strokelike 

TABLE 26-1
Molecular Genetics of Major Progressive Myoclonus Epilepsies

SPECIFIC DISORDER   LINKAGE  GENE PRODUCT

Unverricht-Lundborg disease  21q22 Cystatin B
Myoclonus epilepsy with ragged red fibers  mtDNA tRNALys

Lafora disease  6q24 EPM2A (Laforin)
  6p22 EPM2B (NHLRC1)
Neuronal ceroid lipofuscinoses   
 Late infantile 11p15 Tripeptidyl peptid I 
(CLN2)
 Finnish late infantile 13q CLN 5
 Late-infantile variant 15q21 CLN6
 Turkish late infantile 8p23 CLN8
 Juvenile 16p12  CLN3
 Adult ? ?
Sialidosis type I 6p21 Neuraminidase  
Sialidosis type II 20q13 Protective protein/ cathepsin A
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episodes, frequently preceded by migrainous headaches 
with vomiting, are characteristic.

The EEG shows slowly progressive background 
slowing, paralleling the degree of clinical deteriora-
tion. There are generalized spike-and-wave discharges 
at 2–5 Hz or multiple spike-and-wave discharges. Spo-
radic occipital spikes and sharp waves may be seen. 
Prominent photosensitivity may occur. Non-REM sleep 
is disorganized, and spike-and-wave discharges are 
diminished (11, 26).

Genetics

Virtually all familial cases of MERRF are transmitted 
through the maternal line and are examples of mitochon-
drial inheritance (25). The peculiarities of mitochondrial 
inheritance provide an explanation for the wide pheno-
typic variability in patients with MERRF and the extraor-
dinary intrafamily variation.

A single base substitution at nucleotide pair 8344 
of mitochondrial DNA, causing an A-to-G substitution 
in the tRNALys gene, occurs in many familial cases of 
MERRF (27). The fact that this mutation affects tRNA 
rather than a gene for a respiratory enzyme probably 
explains the heterogeneous results for respiratory 
enzyme assays reported in MERRF. This tRNALys

mutation has been confirmed in numerous laborato-
ries around the world and appears to underlie most 
but not all familial cases and some sporadic examples 
of MERRF. Other rare identified molecular causes of 
MERRF are mutations at nucleotides 8356 and 8363 
in the same tRNALys (28, 29) and mutations in tRNASer

(30), but in some cases no molecular defect has been 
found. Recently, autosomal recessive mutations in 
the nuclear encoded mitochondrial gene polymerase 
gamma (POLG) have been identified in some MERRF 
cases (31).

Diagnosis

Diagnosis can usually be suspected clinically but may 
be difficult to confirm with laboratory markers. The 
clinical clues to the diagnosis include deafness, optic 
atrophy, myopathy, lipomas, intrafamily variation in 
age of onset and severity, and a pattern of inheritance 
compatible with maternal transmission. Serum lactate, 
ragged red fibers, and respiratory enzyme activities 
in muscle can all be normal in patients known to be 
affected (e.g., family members of proven cases). Mag-
netic resonance spectroscopy (MRS) of muscle may 
show elevated levels of inorganic phosphate and a 
decrease of the phosphocreatine:inorganic phosphate 
concentration ratio (32). When present, molecular 
defects in mitochondrial DNA can be detected in 
peripheral blood or muscle (33, 34).

LAFORA DISEASE

Lafora disease is characterized by the presence of Lafora 
bodies, which are polyglucosan inclusions found in neu-
rons and in a variety of other sites, including the heart, 
skeletal muscle, liver, and sweat gland duct cells (35, 36).

Clinical Features

Onset of Lafora disease is between the ages of 10 and 
18 years, with a mean age of onset of 14 years. Clinical 
features are myoclonus, tonic-clonic seizures, and relent-
less cognitive decline. Focal seizures, particularly that arise 
from the occipital regions, occur in approximately half the 
patients. Recognition of Lafora disease in its fully developed 
form is not difficult. At the onset, however, the disorder may 
resemble a typical benign adolescent generalized epilepsy 
with no evidence of cognitive decline. It also may present 
as a dementing illness with relatively infrequent seizures, or 
it may mimic a nonspecific secondary generalized epilepsy 
because myoclonus is not obvious (37, 38). The prognosis of 
Lafora disease is dismal, with death occurring 2 to 10 years 
after onset and the mean age of death being 20 years.

The clinical picture, including the relatively narrow 
age range of onset and relentlessly progressive course 
to death within 2 to 10 years of onset, is constant in all 
reports with the exception of a few cases. These cases, 
sometimes erroneously labeled “type Lundborg,” had 
symptoms beginning in late adolescence or early adult 
life with a milder protracted course. They may represent 
a genetic subtype of Lafora disease separate from the 
classic form (39, 40).

At onset the EEG background is well organized, 
and there are multiple spike-and-wave discharges that 
are increased by intermittent photic stimulation. Erratic 
myoclonus is seen without EEG correlation. Spike-and-
wave discharges are not accentuated during sleep. Over 
the next few months to years, the background deterio-
rates, the physiologic elements of sleep become disrupted, 
and only REM sleep can be identified. Multifocal, par-
ticularly posterior, epileptiform abnormalities appear in 
addition to the generalized bursts, and in the terminal 
phase of the illness the EEG is quite disorganized (41).

Genetics

Lafora disease is an autosomal recessive condition. The 
largest series have been reported from southern Europe 
(41), but it is found worldwide, apparently without a 
marked racial or ethnic predilection. Approximately 
90% of cases have mutations in the gene EPM2A, which 
encodes a dual phosphatase known as laforin (42, 43), 
or in EPM2B (also called NHLRC1), which codes for 
an E3 ubiquitin ligase known as malin (44, 45). There is 
evidence for a third, as yet unknown, locus (46).
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Diagnosis

The age of onset, eventual inexorable dementia, and fre-
quent occurrence of focal occipital seizures are clinical 
clues to the diagnosis (38). Lafora bodies can be demon-
strated in many tissues, but diagnosis is most simply made 
by examination of eccrine sweat gland ducts by a simple 
skin biopsy (36) and can now be confirmed in most cases 
by molecular study of EPM2A and EPM2B (47).

NEURONAL CEROID LIPOFUSCINOSES

The neuronal ceroid lipofuscinoses (NCL) are charac-
terized by the accumulation of abnormal amounts of 
lipopigment in lysosomes. Seven types—late infantile 
(Jansky-Bielschowsky, CLN2), late infantile variants 
(CLN5, CLN6, CLN7, CLN8), juvenile (Spielmeyer-
Vogt-Sjögren, CLN3), and adult NCL (Kufs, CLN4)—
may cause the PME syndrome (48). The infantile form 
(CLN1) presents differently, with regression, hypotonia, 
and impaired vision, and it is not considered here. The 
childhood forms are sometimes collectively referred to 
as Batten’s disease.

Clinical Features

The late infantile form has an onset between 2.5 and 
4 years. Seizures usually are the first manifestation, with 
myoclonic seizures, tonic-clonic seizures, atonic seizures, 
and atypical absences. Ataxia and psychomotor regres-
sion are seen within a few months of onset, with visual 
failure generally developing late.

Examination of the optic fundi reveals attenuated 
retinal vessels and macular degeneration. The seizures 
are usually intractable, dementia is relentless, and there is 
progressive spasticity, with death approximately 5 years 
after onset (37). The EEG shows background slowing 
and disorganization with generalized epileptiform dis-
charges. Photosensitivity is marked, and single flashes 
may provoke giant posterior evoked responses. Visual 
evoked potentials (VEPs) are abnormally broad and of 
high amplitude, and sensory evoked potentials (SEPs) are 
enlarged. The electroretinogram (ERG) becomes progres-
sively attenuated (37, 49).

The late infantile variant form, described in Fin-
land, differs in that onset is later, between 5 and 7 years; 
psychomotor regression and visual failure occur earlier; 
myoclonic and tonic-clonic seizures generally appear at 
approximately age 8 years; and progression is somewhat 
slower (50). Electrophysiologic findings are similar to 
those of the late infantile form except that the marked 
response to photic stimulation develops at approximately 
age 7–8 years and disappears by age 10–11 years, and 
the visual evoked response (VER), which initially is large, 

progressively attenuates (50). Other variants of the late 
infantile form have been described in other geographic 
regions (48).

Juvenile NCL begins between the ages of 4 and 
10 years. The majority of patients present with visual 
failure and have gradual development of dementia and 
extrapyramidal features, with seizures being a relatively 
minor manifestation. Other patients present with myoc-
lonus and tonic-clonic seizures with visual, cognitive, and 
motor signs developing later. This is sometimes called the 
early juvenile variant. Fundoscopy reveals optic atrophy, 
macular degeneration, and attenuated vessels. Inheritance 
is autosomal recessive. The course is variable, with death 
approximately 8 years after onset (37, 51). The EEG 
shows background slowing and generalized epileptiform 
discharges that often are of the slow-spike-and-wave type. 
Sleep activates the epileptic abnormality, but photic stimu-
lation does not. VEPs are of low amplitude and sometimes 
cannot be elicited. The ERG is flat (37, 49).

The adult form is considerably rarer. It can present 
as a PME syndrome around the age of 30, although other 
patients present with a picture of dementia and extrapy-
ramidal or cerebellar disturbance. Visual auras may occur 
before some seizures. Blindness is notably absent, and the 
optic fundi are normal. The clinical course from onset 
to death is approximately 12 years (52). The EEG shows 
generalized fast spike-and-wave discharges with marked 
photosensitivity. Single flashes may evoke paroxysmal 
discharges. The background activity may be normal in 
the early stages, and ERGs are normal (11, 52).

Genetics

The various forms are genetically distinct and occur world-
wide, but with peculiar patterns of geographic clustering. 
In Finland there are large numbers of infantile and juvenile 
cases, whereas in Newfoundland late infantile and juvenile 
cases occur with increased frequency (53, 54). All forms 
are autosomal recessive disorders. Kufs’ disease, however, 
also occurs in families with dominant inheritance (55).

The storage material(s) in the NCLs has been extremely 
difficult to characterize and for many years was thought to 
be lipid. Subunit c of mitochondrial ATP synthase, a very 
hydrophobic protein, subsequently was identified as the 
major storage protein in an ovine model (56) and in human 
late infantile, juvenile, and adult cases (56, 57).

Considerable progress in the molecular genetics of 
this complex group of disorders has recently occurred. 
The causative gene has been identified for five of the cur-
rently identified seven variants causing PME. The classical 
late infantile form is due to mutations in the gene CLN2, 
which encodes a lysosomal enzyme tripetidyl peptidase 
(TPP1) (48). CLN3, CLN5, CLN6, and CLN8 encode 
various lysosomal or intracellular membrane proteins 
whose functions remain to be elucidated (48).
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Diagnosis

Diagnosis may often be suspected clinically, particularly if 
there are visual changes. The electrophysiologic findings 
previously described may be helpful. Vacuolated lympho-
cytes may occur in the juvenile form. Neuroradiologic 
studies show cerebral atrophy and particularly cerebellar 
atrophy. Definitive diagnosis presently requires the dem-
onstration of characteristic inclusions by electron micros-
copy. These can be found most simply in eccrine secretory 
cells. The inclusions take various forms, with curvilinear 
profiles being characteristic of a late infantile NCL, finger-
print profiles being usual in the juvenile and adult forms, 
and granular osmiophilic deposits occurring in the infan-
tile form. Considerable expertise may be required in the 
pathologic interpretation of the electron micrographs (58). 
In the case of suspected CLN2, enzymatic assays for TPP1 
are available, and molecular testing can be performed for 
CLN2, CLN3, CLN5, CLN6, and CLN8 (48).

SIALIDOSES

The sialidoses are the least common of the major forms of 
PME. They are autosomal recessive disorders associated 
with deficiencies of alpha-N-acetyl-neuraminidase.

Clinical Features

In sialidosis type I (“cherry-red spot-myoclonus syn-
drome”), there is onset in adolescence with myoclonus, 
gradual visual failure, tonic-clonic seizures, ataxia, and 
a characteristic cherry-red spot in the fundus. The myoc-
lonus is usually very severe. Lens opacities and a mild 
peripheral neuropathy with burning feet may occur. 
Dementia is absent (37, 59).

Juvenile sialidosis type II presents as a PME with 
features similar to those of sialidosis type I except that 
onset is sometimes a little later. There may be additional 
features of coarse facies, corneal clouding, dysostosis 
multiplex, hearing loss, and low intellect, which may be 
present from early life (59, 60).

The EEG background shows low-voltage fast activity, 
but some slowing can be seen in demented patients. Gen-
eralized spike-and-wave bursts are absent or infrequent; 
rather massive myoclonus is associated with trains of 10- to 
20-Hz small vertex positive spikes preceding the electro-
myogram (EMG) artifact. Non-REM sleep is disorganized, 
and although myoclonus diminishes, the vertex spikes per-
sist and become very frequent in deep sleep (37).

Genetics

Sialidosis type 1 is due to mutations in the alpha-N-acetyl-
neuraminidase gene (NEU1) on chromosome 6 (61). 
Many of the published cases were of Italian origin (59).

Sialidosis type II comprises a complex group of phe-
notypes. The juvenile form presents as a PME and occurs 
predominantly in Japan. In addition to the neuraminidase 
deficiency, a partial deficiency of beta-galactosidase is 
also found in most if not all cases (58, 59). The com-
bination of neuraminidase and beta-galactosidase defi-
ciency (galactosialidosis) is due to a lack of protein that 
is required to protect galactosidase from degradation and 
is essential for the catalytic action of neuraminidase (62). 
Missense mutations in the gene that encodes lysosomal 
protective protein/cathepsin A (PPCA) on chromosome 
20 cause the juvenile form with PME (63–65).

Diagnosis

Sialidoses should be identified clinically because of the 
characteristic optic fundus. Periodic acid-Schiff-positive 
inclusions may be seen in lymphocytes, bone marrow 
cells, neurons, and Kupfer cells. Diagnosis is confirmed 
by grossly elevated urinary sialyloligosaccharides and by 
a deficiency of cryolabile alpha-N-acetylneuraminidase 
in leukocytes or cultured fibroblasts (59).

DISTINGUISHING PME FROM OTHER 
EPILEPSIES AND MYOCLONIC SYNDROMES

It usually is not difficult to diagnose the syndrome of PME 
some years after onset with the distinctive diagnostic triad 
of myoclonic seizures, tonic-clonic seizures, and progres-
sive neurologic decline. At the beginning of the illness, 
however, the clinical and EEG features may be similar 
to those of benign idiopathic generalized epilepsies, par-
ticularly mimicking juvenile myoclonic epilepsy. Initial 
response to therapy may be relatively favorable. However, 
seizures may become more frequent with the passage of 
time, and progressive neurologic decline occurs. Failure 
to respond to therapy and progressive neurologic signs 
should lead to consideration of the presence of a PME. 
Conversely, the clinical picture of patients with idiopathic 
generalized epilepsies may mimic that of PME if they are 
inappropriately treated and intoxicated with antiepileptic 
drugs (AEDs), leading to ataxia, impaired cognitive func-
tion, and poorly controlled seizures.

Myoclonus in PMEs is usually quite severe, but in 
some patients it may be relatively obscure, with convulsive 
seizures and intellectual decline dominating the clinical pic-
ture, leading to a misdiagnosis of a nonspecific symptom-
atic (secondary) generalized epilepsy or Lennox-Gastaut 
syndrome. In such cases, a careful search for myoclonus 
should lead to consideration of the PME syndrome.

Neurophysiologic assessment may also provide clues 
to the presence of a PME. The EEG background rhythm 
may be relatively well preserved in the early phases, 
but generalized slow activity appears as the condition 
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progresses. This is particularly so in those forms of PME 
associated with relentless dementia, such as Lafora dis-
ease and NCL. Generalized epileptiform abnormalities 
are seen during the resting record, usually in the form of 
fast spike-and-wave, multiple spike-and-wave, or mul-
tiple spike discharges. Photosensitivity is common and 
may be marked. Focal, particularly posterior, epileptiform 
abnormalities are common in Lafora disease but also may 
occur in other forms (11). Somatosensory evoked poten-
tials (SEPs) frequently show giant responses (66).

PMEs should be distinguished from degenerative 
disorders in which seizures and/or myoclonus can occur 
but do not form part of the clinical core or usual initial 
presentation of the disorder. The causes of such progres-
sive encephalopathies with seizures are numerous and 
include GM2 gangliosidosis, nonketotic hyperglycinemia, 
Niemann-Pick type C, juvenile Huntington’s disease, 
Alzheimer’s disease, and so forth. The distinction between 
this diverse group of disorders and the PMEs, while not 
absolute, is clinically useful and provides a practical 
framework on which to begin specific differential diag-
nosis. For example, typical Alzheimer’s disease may have 
myoclonus as a relatively late feature and would not be 
confused with a PME. Rare early-onset cases may, how-
ever, present as a PME in early adult life (67). Myoclonus 
is also prominent in certain static encephalopathies, of 
which postanoxic myoclonus (Lance-Adams syndrome) 
is the best known. The absence of progression and the 
usual clear history of the causative encephalopathy enable 
clear distinction from PME.

The PME syndrome should also be distinguished from 
the progressive myoclonic ataxias. The latter term was 
introduced to denote a group of patients, usually adults, 
with progressive ataxia and myoclonus but with few, if any, 
tonic-clonic seizures and little or no evidence of dementia 
(14). Previously, some authors used the term “Ramsay Hunt 
syndrome” for these patients’ condition, although others 
used this term for quite different clinical groups, which led 
to considerable confusion in the literature. The causes of 
progressive myoclonic ataxia partially overlap with those of 
PME but also include spinocerebellar degeneration, celiac 
disease, and Whipple’s disease. Although it is now pos-
sible to specifically diagnose most patients with the PME 
syndrome in life (see next section), a larger proportion of 
carefully studied cases with progressive myoclonic ataxia 
remain without a known specific cause (14, 68).

Japanese authors have highlighted a condition of 
benign myoclonic epilepsy of adulthood. In this autoso-
mal dominant disorder, onset is usually between 20 and 
40 years, with myoclonus and rare tonic-clonic seizures. 
Generalized epileptiform EEG abnormalities and giant 
SEPs are present, but there is little or no evidence of 
progression (69, 70). This condition may be the same 
as or similar to that previously described in the German 
literature as myoclonus epilepsy of Hartung type (39).

Finally, the condition of benign familial myoclonus 
should be distinguished. In this autosomal dominant disor-
der, nonepileptic myoclonus begins in the first three decades 
of life but is not associated with major seizures, epileptiform 
EEG abnormalities, or neurologic deterioration (71).

DIAGNOSING THE SPECIFIC TYPE OF PME

Once the clinician is convinced that a patient has the PME 
syndrome, the critical question is to determine which 
specific disorder is present. This is essential for proper 
clinical and genetic counseling of the family (see “Treat-
ment’’ section).

It is now possible to provide a specific diagnosis in 
life for the majority of patients with PME using clini-
cal methods and minimally invasive investigations. An 
approach to this problem has been described previously. 
The clinician should first consider the five major disorders 
causing PME. Once these conditions are excluded, the 
rarer disorders should be considered (1–3).

Clinical Features

Although patients with the PME syndrome superficially 
may appear to have similar clinical features, knowledge 
of the specific clinical patterns of the common causes of 
PME often allows the differential diagnosis to be nar-
rowed. Age at onset of symptoms provides some guidance 
in making the diagnosis, although MERRF may begin at 
any age. Certain seizure patterns are helpful; very promi-
nent myoclonus suggests Unverricht-Lundborg disease, 
MERRF, or sialidosis. Partial seizures, particularly of 
occipital origin, can occur in a variety of the disorders 
but are often noted in Lafora disease. Characteristic fun-
dal changes are almost invariable in sialidosis and are 
frequent in the NCLs. Dementia is a constant feature 
of Lafora disease and NCLs, whereas it is characteristi-
cally absent or mild in Unverricht-Lundborg disease and 
sialidosis type I. The presence of deafness, lipomas, optic 
atrophy, myopathy, or neuropathy are clinical pointers to 
MERRF. Neuropathy may also occur in sialidosis. Dys-
morphic features are usual in sialidosis type II and may 
occur in MERRF.

Family History

A detailed family history, including examination of rela-
tives, is essential. Recessive inheritance is usual, and the 
finding of parental consanguinity or early clinical signs 
in asymptomatic siblings would support this pattern. 
Maternal transmission is characteristic of MERRF. In 
MERRF and the autosomal dominant disorders, older 
relatives may be found to have mild, incomplete forms 
of the condition.
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Neurophysiology

Findings that may be useful in specific diagnosis include 
vertex spikes as the main epileptiform abnormality in 
sialidosis, activation of epileptiform abnormalities in non-
REM sleep in the sialidoses and the late-infantile and 
juvenile forms of NCL, photosensitivity to single flashes 
in late infantile and adult NCL, and absent ERG in late 
infantile and juvenile NCL (11).

Laboratory Findings

Hematologic examination may reveal lymphocyte vacu-
olation in sialidosis and in certain cases of NCL. Routine 
biochemical tests are not helpful, with the exception of 
elevated lactate levels in blood and cerebrospinal fluid in 
some cases of MERRF.

Pathologic Studies

A tissue diagnosis is essential for a number of these disor-
ders. Skin biopsy with or without skeletal-muscle biopsy 
is the initial procedure. Lafora disease can be reliably 
diagnosed by examining eccrine sweat gland duct cells 
with stains for polysaccharides (36). The diagnosis of 
NCL may be suggested by an acid phosphatase stain, 
but electron microscopy of the skin biopsy specimen is 
essential for the definitive identification of inclusions. 
These inclusions are detectable in many cell types in the 
late infantile form of the disease, but diagnostic inclusions 
may be limited to eccrine secretory cells in the juvenile 
and adult varieties (58). False negative skin biopsies in 
Lafora disease and in late infantile and juvenile NCL are 
due to failure to examine the appropriate cell type prop-
erly. In suspected Lafora disease, sweat gland ducts must 
be included in the biopsy and properly examined. Where 
doubt remains, skin biopsy should be repeated because 
of the serious prognostic implications of the diagnosis 
of Lafora disease. The reliability of diagnosis of Kufs’ 
disease from skin biopsy is not yet clear.

Study of muscle biopsy specimens with modified 
Gomori’s trichrome and oxidative enzyme reactions may 
demonstrate ragged red fibers in MERRF. Abnormal 
mitochondria may be identified in muscle or skin using 
electron microscopy. Normal light and electron micro-
scopic studies of muscle do not rule out the diagnosis of 
MERRF, and a second biopsy may be indicated in clini-
cally suspicious cases.

Molecular Biological Studies

Molecular biological studies are playing an increasing 
role in the diagnosis of the PMEs. Simple DNA tests for 
the dodecamer repeat in Unverricht-Lundborg disease 
and mitochondrial DNA mutations in MERRF are readily 
available. Testing for mutations associated with Lafora 
disease, neuronal ceroid lipofuscinososes, and sialidoses 
is available from more specialized or research-oriented 
laboratories (see http://www.genetests.org).

TREATMENT

Treatment of these disorders may be distressingly dif-
ficult. Accurate diagnosis is the first step, as informed 
genetic counseling must be given. It is very important 
to distinguish MERRF, which may show maternal 
inheritance, from autosomal recessive disorders, such as 
Unverricht-Lundborg disease, Lafora disease, sialidoses, 
and the NCLs, and from rare dominant families with 
Kufs’ disease. Genetic counseling may now be extended 
to prenatal diagnosis in some cases. Specific diagnosis 
also allows an accurate prognosis to be given, including 
a realistic appraisal of the educational and vocational 
goals of the patient.

Valproate and/or clonazepam should be used for 
symptomatic control of myoclonus. Phenytoin has a 
clear deleterious effect in Unverricht-Lundborg disease 
(9, 10), and neither should it be used in the other PMEs. 
Small doses of barbiturates may be helpful, but sedation 
should be avoided. Piracetam may be useful in certain 
cases (72, 73). Care must be taken not to intoxicate the 
patient with drugs, although there is some evidence that 
carefully monitored polytherapy may be more effective 
in some patients than the usual practice of aiming for 
monotherapy (74). Zonisamide (75, 76) and levetirace-
tam (77–79) may be quite effective. Programs of physical 
therapy may be of benefit, and attempts should be made 
to search for strategies that allow movement without 
precipitating myoclonus in individual patients. Alcohol 
may provide symptomatic benefit in some patients, but 
must be used judiciously (80).

Strategies for replacing enzymes in the storage dis-
orders and augmenting mitochondrial function in the 
mitochondrial disorders are being developed, but pres-
ently they remain in the experimental phase, and results 
to date have been disappointing.
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Localization-Related
Epilepsies: Simple Partial 
Seizures, Complex Partial 
Seizures, and Rasmussen 
Syndrome

he International Classification of 
Epilepsies and Epileptic Syndromes 
(1) divides epilepsy, first, on the 
basis of whether the seizures are 

partial (localization-related epilepsies) or generalized 
(generalized epilepsies) and, second, by etiology (idio-
pathic, symptomatic, or cryptogenic epilepsy). Idiopathic 
epilepsies are defined by age-related onset, clinical and 
electroencephalographic characteristics, and a presumed 
genetic etiology. Symptomatic epilepsies comprise syn-
dromes based on anatomic localization and are con-
sidered to be the consequence of a known or suspected 
disorder of the central nervous system. Cryptogenic epi-
lepsies are presumed to be symptomatic, but the etiology 
is not known. Localization-related epilepsies include the 
following types of seizures:

 1. Simple partial seizures
 2. Complex partial seizures
 a. With impairment of consciousness at onset
 b. Simple partial onset followed by impairment of 

consciousness
 3. Partial seizures evolving to generalized tonic-clonic 

(GTC) convulsions
 a. Simple partial evolving into GTC
 b. Complex partial evolving into GTC including 

those with simple partial onset

Prakash Kotagal

DEFINITIONS

A simple partial seizure is one that arises from a localized 
area within one hemisphere without impairment of con-
sciousness. A complex partial seizure is a partial-onset 
seizure that is characterized by impaired consciousness, 
unresponsiveness, and automatic behavior often followed 
by postictal confusion. Impaired consciousness is defined 
as the inability to respond normally to exogenous stimuli 
by virtue of altered awareness or responsiveness (2). 
Awareness refers to the patient’s contact with events 
during the period in question and its recall (2), whereas 
responsiveness is the ability of the patient to carry out 
simple commands or willed movements.

ETIOLOGY

By definition, partial seizures imply the presence of a 
focal abnormality in one cerebral hemisphere. A defi-
nite etiological factor can be identified by magnetic reso-
nance imaging (MRI) in approximately 75% to 90% of 
patients with partial seizures (3–5). These include birth 
asphyxia, intrauterine infections (toxoplasmosis, cyto-
megalovirus, rubella, or syphilis), congenital anoma-
lies, head trauma, meningitis, viral encephalitis, parasitic 
infections (cysticercosis and echinococcosis), neoplasms, 

T
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arteriovenous malformations, cerebral embolization 
from congenital heart disease, or disorders affecting the 
intracranial vessels, as in fibromuscular dysplasia and 
moyamoya disease. Head injury and viral encephalitis 
have a predilection for the temporal lobe (6, 7). Approxi-
mately 30% of patients who undergo surgical treatment 
for intractable partial seizures have a foreign tissue lesion 
detected on pathologic examination (8). Mesial temporal 
sclerosis (MTS) has been established as a causative factor 
in 50% to 60% of adolescents and adults with tempo-
ral lobe epilepsy (TLE) (9–11). Hippocampal pathology 
shows neuronal loss and gliosis in the Sommer sector, end 
folium, and dentate gyrus in 50% of cases (12). However, 
other etiologies predominate in children below the age 
of 12 years. Duchowny and coworkers found that in 
their surgical series of 16 patients with TLE, only 2 had 
MTS, 7 had abnormalities of neuroblast migration, and 
3 had ganglioglioma (13). The common tumors associ-
ated with intractable partial epilepsy include low-grade 
gliomas, gangliogliomas, and dysembryoplastic neuroepi-
theliomas (DNT) (14, 15). Neuronal migration disorders 
have been increasingly recognized as a cause of epilepsy. 
Focal cortical dysplasia (16–18), lissencephaly (19), band 
heterotopia (20), nodular heterotopia (21), the bilateral 
perisylvian syndrome (22, 23), and schizencephaly (24) 
often present with seizures. In a study correlating pathol-
ogy and MRI findings in children with intractable partial 
seizures, Kuzniecky and coworkers (25) described the 
presence of cortical lesions in 23% of patients. Tuberous 
sclerosis, Sturge-Weber syndrome, neurofibromatosis, 
epidermal nevus syndrome, and hypomelanosis of Ito 
are neurocutaneous disorders associated with early-
onset seizures (26). Coexistence of certain tumors such 
as ganglioglioma and DNT with cortical dysplasia, most 
frequently observed in the pediatric population, may sug-
gest a hamartomatous nature of the neoplasms (27, 28). 
The association of hippocampal sclerosis with cortical 
dysplasia remote from the mesial structures is well estab-
lished in patients with TLE (29, 30).

SEIZURE PHENOMENA

The symptomatology of partial seizures depends greatly 
on the location of the seizure focus within the cerebral 
cortex. Although a given symptom may occur with sei-
zures arising from different locations, the combined 
information from seizure symptomatology and electro-
encephalogram (EEG) findings enables one to determine 
the location of seizure focus. Simple partial seizures with 
motor manifestations may result from ictal onset within 
or propagation to the precentral and postcentral gyri of 
the contralateral hemisphere or the supplementary motor 
area (31). The ictal symptomatology of epileptic seizures 
in general is a reflection of activation of symptomatogenic 

zones. This activation is usually the result of spreading 
of the epileptiform discharges from the epileptogenic 
zone to adjacent cortex, which when activated produces 
the ictal semiology. Auras consist exclusively of subjective 
warning symptoms and usually occur at the beginning of 
a seizure;  depending on methodology and selection of 
patients, auras have been reported anywhere from 20% 
to 90% of those with partial-onset seizures (32–34). 
Complex partial seizures (CPS) arise from the temporal 
lobes in the majority of cases. However, in 15% to 20% 
of CPS an extratemporal focus in the mesial frontal, oper-
cular insular region, cingulate gyrus, orbitofrontal cortex 
is seen (35). Postictal dysfunction has localizing value but 
does not reliably identify the site of ictal onset. The Inter-
national Classification of Epileptic Seizures provides a 
useful approach to understanding the symptomatology of 
partial seizures (2). This classification is electroclinical—in
other words, based on both seizure semiology and EEG 
findings—whereas a recently proposed semiological sei-
zure classification by Lüders is independent of EEG or 
imaging findings (36).

Simple Partial Seizures with Motor Signs

Simple partial seizures with motor signs are the most 
common form of simple partial seizures because of the 
prominent representation of the motor cortex and high 
epileptogenicity of the frontal cortex. These symptoms are 
contralateral (at least at onset) and usually consist of posi-
tive (irritative) symptoms, less often negative (inhibitory) 
symptoms, or a combination of the two.

Focal Motor Seizures with and without March

Motor seizures can be clonic or tonic, involving any por-
tion of the body, depending on the site of origin of the 
ictal discharge. Focal motor seizures may remain strictly 
focal, or they may spread to contiguous cortical areas, 
producing a sequential involvement of body parts in an 
epileptic march. This pattern is often referred to as a 
Jacksonian march. Postictally, a temporary weakness, 
Todd’s paralysis, may be seen, especially if the seizure is 
severe or prolonged (7). Focal clonic seizures can occur 
with ictal discharges in any cortical region. The name 
epilepsia partialis continua (EPC) is given to continuous 
focal motor seizure activity.

Versive Seizures

Seizures beginning in or spreading to area 8, the frontal 
eye field, and the supplementary motor area or mesial 
part of premotor area 6 produce contralateral conjugate 
deviation of the eyes and turning of the head. When this 
movement is unquestionably forced and involuntary, the 
seizures are termed versive seizures and lateralize seizure 
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onset to the contralateral hemisphere (37). Forced and 
sustained head and eye version, continuing through gen-
eralization or occurring within 10 seconds before gen-
eralization, was the best lateralizing sign, identifying a 
contralateral seizure focus in more than 90 percent of 
seizures (38).

Supplementary Sensorimotor Area Seizures

The supplementary sensorimotor area (SSMA) may be 
activated during seizures arising in patients with an epi-
leptogenic zone in the posterior mesial or superior fron-
tal area of one hemisphere. Seizures are frequent, brief, 
and usually out of sleep with abrupt bilateral asymmetric 
tonic posturing of the extremities. The posturing predom-
inantly affects the proximal musculature with stiffening 
and gross flailing movements (15, 16, 39, 40). Speech 
arrest and vocalization are common, but consciousness is 
often preserved. Ictal contraversive head and eye version 
may serve as a lateralizing feature if they precede sec-
ondary generalization. SSMA seizures may be confused 
with psychogenic seizures and parasomnias such as night 
terrors or confusional arousals.

Aphasic Seizures

Ictal language disturbances during epileptic seizures 
include speech arrest, aphasia, or vocalization. Seizures 
that begin with aphasic speech arrest, without altered 
consciousness, are generally considered to originate in 
the dominant posterolateral temporal region (41, 42). 
Lüders and coworkers (43) demonstrated the presence 
of a basal temporal language area (BTLA) by electrical 
stimulation with subdural electrodes (43, 44). Speech 
arrest has been demonstrated in seizures originating in the 
dominant BTLA (45, 46). Seizures arising in the frontal 
operculum of the dominant hemisphere can give rise to 
epileptic aphasia (47). Vocalizations, sounds of no speech 
quality, may be seen with simple partial seizures affect-
ing the suprasylvian area of the frontal lobe as well as 
complex partial seizures. They have no lateralizing value 
(48). Following the end of a simple or complex partial 
seizure, postictal aphasia may be detected by asking the 
patient to name items or read and is 80–90% reliable 
in lateralizing seizure onset to the language-dominant 
hemisphere (49, 50).

Simple Partial Seizures with Somatosensory or 
Special Sensory Signs

Sensory or motor phenomena are often the initial symp-
tom of seizures starting in or near the postcentral area. 
Sensory phenomena include tingling, numbness, or par-
esthesias contralateral to the epileptogenic focus. The 
sensory phenomena may march to adjacent sensory or 

motor areas. The frequency of motor phenomena is due 
to intimate connections between the sensory and motor 
areas (6), as shown by motor phenomena observed in 
25% of cases during electrical stimulation of the post-
central gyrus. Sensory symptoms that are ipsilateral or 
bilateral in distribution and identical to those occurring 
only contralaterally are believed to originate in the sec-
ond sensory area at the base of the motor strip in the 
frontoparietal operculum (51). Benign rolandic epilepsy 
often manifests with focal motor seizures with preserved 
consciousness or as partial-onset, secondarily general-
ized tonic-clonic seizures. They usually involve the face, 
oropharyngeal muscles, or arm on one side, and less com-
monly the leg. Sometimes they are associated with sensory 
phenomena such as tingling or numbness.

Visual seizures are simple partial seizures involving 
the visual cortex in the region of the calcarine fissure. 
They usually consist of flashes of light or colors in the 
contralateral hemifield. Visual seizures should be distin-
guished from migraine, which usually produces nega-
tive phenomena such as scotomas or hemianopsia. More 
elaborate visual phenomena (i.e., formed visual hallucina-
tions) are seen with seizures starting in the posterior tem-
poral regions. Seizures starting from the occipital cortex 
may spread to the temporal lobes producing complex 
partial seizures (52).

Auditory seizures are seen with onset from the audi-
tory cortex in the superior temporal gyrus. They usually 
manifest with sounds such as humming, buzzing, roar-
ing, or whistling. More elaborate hallucinations (music, 
voices, etc.) result from involvement of the auditory asso-
ciation areas (6).

Olfactory and gustatory seizures present with an 
aura of an unpleasant odor or a bad taste in the mouth. 
They are usually observed with seizures arising from the 
anterior temporal lobe or insular region.

Vertiginous phenomena are sometimes reported 
by patients as the aura preceding their complex partial 
seizures. This may be a light-headed feeling or actual 
vertigo. Vertiginous phenomena are encountered with 
CPS of posterior temporal lobe onset (53, 54).

Simple Partial Seizures with Autonomic 
Symptoms or Signs

Autonomic symptoms in the form of flushing, pallor, 
sweating, pupillary dilation, nausea, vomiting, borbo-
rygmi, piloerection, or epigastric sensations are often seen 
in CPS, especially those starting in the anterior temporal 
lobe, opercular-insular region, and orbitofrontal cortex 
(54–56). Ictal gastrointestinal symptoms that are limited 
to visceral sensations are more common in children;  they 
include painful cramping, periumbilical pain, bloating, 
nausea, vomiting, and diarrhea. Pallor and cold sweat-
ing may accompany the abdominal symptoms in children
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and may be misdiagnosed as psychogenic pain (57). 
Sinus tachycardia, the most frequent cardiac concomi-
tant of seizures, has been reported in several case studies 
(58, 59). Sinus bradycardia, sinus arrest, atrioventricular 
block, and prolonged asystole occur much less frequently. 
Sudden unexplained death has been postulated to be a 
result of autonomically mediated fatal cardiac arrhyth-
mia or sudden “neurogenic” pulmonary edema associated 
with seizures (62–64).

Simple Partial Seizures with Psychic Symptoms

Simple partial seizures with psychic symptoms refer to 
alterations of higher cerebral function—dysphasia, dys-
mnesia (déjà vu or jamais vu), affective (fear, anger), 
cognition (distortion of time sense, dreamy states), illu-
sions (micropsia or macropsia), or hallucinations (voices, 
music, or scenes). They are usually followed by a complex 
partial phase;  only rarely do they occur in isolation.

As mentioned previously, simple partial seizures may 
evolve to secondarily generalized tonic-clonic seizures 
directly or after a complex partial phase. Likewise, CPS 
may give rise to secondarily generalized tonic-clonic sei-
zures (2). The ictal discharge may spread from the focus 
to contiguous areas or to distant regions by way of spe-
cific pathways or callosal fibers connecting homologous 
areas of the cortex in the opposite hemisphere.

Complex Partial Seizures

Approximately 50% of patients with CPS report a warn-
ing symptom or aura. An aura is, by definition, a simple 
partial seizure. It may take different forms depending 
on the location of the seizure focus, as described previ-
ously. CPS of mesial temporal onset are most commonly 
preceded by a rising epigastric sensation. Young children 
sometimes run to their mother and cling to her fearfully 
(63). The aura is more clearly expressed as the child 
gets older. The aura is followed by the complex partial 
phase with partial or complete loss of consciousness, 
unresponsiveness often with a vacant stare, behavioral 
arrest, and some stiffening of the body. Duchowny and 
coworkers (64) noted that CPS in infants under 2 years 
of age frequently consisted of behavioral arrest with 
forced lateralized deviation of the head and eyes and 
tonic upper extremity extensor stiffening. Automatisms 
defined as more or less coordinated, involuntary move-
ments occurring during a period of altered awareness 
are frequently seen in CPS. These invariably take place 
during the ictus, less commonly in the postictal period. 
They may consist of stereotyped movements of the mouth 
and lips, oroalimentary automatisms such as lip smack-
ing or swallowing, fumbling or grasping movements of 
the hands, blinking, grimacing, bicycling movements of 
the legs, walking or running about, laughing, crying, or 

complex motor activity. Automatisms tend to be simpler 
in the younger children, whereas highly organized behav-
ioral sequences and complex gestural automatisms are 
observed in the older children and adults (64–66). The 
motor phenomena in preschool children may consist of 
symmetric tonic or clonic movements of the limbs and 
atonic phenomenon such as head nodding resembling 
infantile spasms or hyper-motor turning movements 
and postures similar to frontal lobe seizures in adults. 
Unilateral dystonic posturing is more often seen in CPS 
of temporal lobe origin and has good lateralizing value 
(67–68). Posturing in frontal lobe CPS tends to be more 
often tonic, and bilaterally asymmetric. Temporal lobe 
CPS usually last 60 to 90 seconds and are followed by 
a postictal period lasting several minutes or hours (69). 
The child is often lethargic during the postictal period 
and may complain of headache. Postictal dysphasia may 
also be seen. The patient is usually confused postictally 
and may engage in automatic behavior. Attempts to 
restrain the patient may result in aggressive behavior, 
which is usually nondirected (70). One-third to one-half 
of patients with CPS may go on to have a secondarily 
generalized tonic-clonic seizure, more often out of sleep. 
Version may occur during such a seizure and is of lateral-
izing significance (37). It tends to occur earlier in frontal 
lobe seizures, probably as a result of rapid propagation 
(71, 72). During the tonic phase of a partial seizure with 
secondarily generalization, the contralateral arm may 
be extended while the other arm is flexed, resembling a 
figure 4, which has lateralizing value (73).

Occasionally, patients may develop complex par-
tial status epilepticus, which may present as a prolonged 
confusional state, similar to absence status. This may 
last several hours or even days. The patient appears to 
be in a daze, is slow to respond, frequently is unable to 
talk, and often is restless and disoriented. The diagnosis 
is established by the finding of a continuous focal ictal 
pattern on the EEG (76).

Frontal Lobe Seizures

Frontal lobe seizures represent the largest subgroup of 
extratemporal epilepsy, accounting for 30% of partial 
epilepsy (75, 76). The most recent epilepsy classifica-
tion scheme (42) suggests seven different types of frontal 
lobe seizures related to specific regions of seizure origin 
(Table 27-1). In practice, large epileptogenic zones, high 
speed and pattern of seizure propagation, and extensive 
overlap among different types make it difficult to subclas-
sify CPS of frontal lobe origin accurately into distinct ana-
tomic subregions based on clinical characteristics. Frontal 
lobe CPS (72, 77–80) can usually be distinguished from 
CPS arising from the temporal lobes and other regions 
(Table 27-2). These seizures often have a bizarre clini-
cal presentation, have minimal or absent interictal and 
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ictal EEG abnormalities, and sometimes are mistaken for 
psychogenic seizures.

Autosomal Dominant Nocturnal Frontal 
Lobe Epilepsy

Autosomal dominant nocturnal frontal lobe epilepsy 
(ADNFLE) was first described as a distinct clinical syn-
drome in six families in 1994 (81, 82). Mutations have 
been found in two genes, CHRNA4 and CHRNB2, which 

code for the neuronal nicotinic acid receptor subunits (83). 
Seizures begin in childhood (mean age 11.7 years, range 
2 months–52 years) and usually persist through adult life. 
Individuals frequently have an aura followed by a gasp, 
grunt, or vocalization, and thrashing hyperkinetic activity 
or tonic stiffening with or without superimposed clonic 
activity (84). Seizures typically occur in clusters during 
sleep, and awareness is usually retained. Patients are of 
normal intellect with normal neurologic examination and 
neuroimaging tests. Interictal EEG is usually normal. When 

TABLE 27-1
Summary of International League Against Epilepsy (ILAE) Classification of Frontal Lobe Epilepsies

REGION CLINICAL FEATURES

Primary motor cortex Contralateral tonic or clonic movements according to somatotopy, speech arrest
  and swallowing with frequent secondary generalization
SMA Simple focal tonic seizures with vocalization, speech arrest, fencing postures, and
  complex focal motor activity
Cingulate Complex focal motor activity with initial automatisms, sexual features, vegetative
  signs, changes in mood and affect, and urinary incontinence
Frontopolar Early loss of consciousness, “pseudo absence,” adversive and subsequent contraversive
  movements of head and eyes, axial clonic jerks, falls, autonomic signs with
  frequent generalization
Orbitofrontal Complex focal motor seizures with initial automatisms or olfactory hallucinations,
  autonomic signs, and urinary incontinence
Dorsolateral (premotor) Simple focal tonic with versive movements and aphasia and complex focal motor
  activity with initial automatisms
Opercular Mastication, salivation, swallowing and speech arrest with epigastric aura, fear, and 
  autonomic phenomena. Partial clonic facial seizures may be ipsilateral, and gustatory
  hallucination is common

TABLE 27-2
Differentiating Features of Frontal versus Temporal Lobe CPS

 FRONTAL TEMPORAL

Duration Brief � 30 seconds 60–90 seconds
Time of day Night � day Day � night
Clusters Common Uncommon
Aura General body sensation; cephalic aura Epigastric, psychic
Automatisms Proximal and coarse; bicycling Distal and discrete, oroalimentary, 
  movements, pelvic thrusting  manual, gestural, mimetic, ictal speech,
   perseverative, ictal vomiting
Motor posturing Bilateral, asymmetric tonic Contralateral dystonic posturing,
   often with automatisms on the opposite side
Vocalizations Prominent Less common
Partial loss of Noted earlier in the seizure Noted later in the seizure
 consciousness
Version Ipsilateral head deviation followed Contralateral version precedes generalization,
  by contralateral version before secondary  usually occurs after 18 seconds
  generalization; is usually � 18 seconds
  after onset
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not obscured by movement artifact, ictal EEG may show 
bifrontal epileptiform discharges. Seizures are often misdi-
agnosed as parasomnias, paroxysmal nocturnal dystonia 
(which may in actuality be ADNFLE), familial dyskinesia, 
or a psychiatric disorder. The seizures frequently respond 
to carbamazepine or oxcarbazepine monotherapy.

RASMUSSEN SYNDROME

Rasmussen syndrome (RS) is characterized by intractable 
focal motor seizures, declining cognitive function, progres-
sive hemiparesis, visual field abnormality, and contralateral 
focal, predominantly perisylvian cortical atrophy. Changes 
in signal intensity may also be seen in the deep gray and 
white matter. The onset of the disease occurs at 10 years 
or younger in 85% of patients (85). Epilepsia partialis con-
tinua or focal motor status occurs in one-half of patients 
at some point in their course (86). The etiology is not 
known, but an autoimmune process is important in the 
pathogenesis of RS, and it is believed that the glutamate 
receptor subunit, GluR3 may be an important autoantigen 
(87–89). Neuropathology characteristically shows perivas-
cular lymphocytic cuffing and proliferation of microglial 
nodules in the cortex of the affected hemisphere (90–92). 
In-situ hybridization techniques were reported to show 
most Rasmussen patients to have neurons with cytome-
galic inclusion virus (93);  this, however, has not been 
confirmed by others. T-cell-mediated cytotoxicity may also 
play a role (94). Following cleavage of the GluR3 protein 
by Granzyme B, the immunogenic section of the GluR3 
protein becomes exposed to the immune system (95).

The EEG may show background slowing, disruption 
of sleep architecture, and frequent epileptiform discharges 
over the affected hemisphere; with progression of the 
disease, the spikes may become bilaterally synchronous 
and appear in the contralateral hemisphere (96–98). 
Computed tomography (CT) and MRI scans may show 
diffuse atrophy of the involved hemisphere (99). Proton 
MR-spectroscopy may reveal decreased N-acetylaspartate 
(NAA) concentration in patients with RS (100). This find-
ing correlates well with brain atrophy and neuronal loss. 
For reasons that are not yet clear, Rasmussen encephalitis 
is essentially a unilateral disease.

Rasmussen syndrome is notoriously difficult to treat 
and does not show the same dramatic response to IV 
medications as do other forms of status. IV immuno-
globulin, high-dose steroids, or both may produce some 
reduction of seizure frequency in the short term in a few 
cases (101), but surgical removal of the affected hemi-
sphere is the standard therapy (102). A trial of tacrolimus 
was found to slow the rate of neurologic deterioration, 
but it did not improve seizure frequency (103).

In the Johns Hopkins experience, 88% of children 
who underwent hemispherectomy became seizure free or 

have occasional, nondisabling seizures (102, 104, 105). 
Early hemispherectomy, although increasing the hemi-
paresis, reduces the overall burden of the illness because 
of a marked decrease in both frequency and severity of 
seizures. Because hemiplegia is inevitable with or without 
surgery, early surgery may allow the child to return to a 
more normal life by preventing the cognitive decline that 
is the result of constant seizures.

DIFFERENTIAL DIAGNOSIS

Pseudoseizures are in the differential diagnosis of any 
seizure, especially if presenting with bizarre and unusual 
patterns or prolonged generalized seizures with intact 
memory for the event. There usually is no postictal con-
fusion. Pseudoseizures often can be terminated abruptly 
with suggestion (108, 109). The frequency of pseudo-
seizures may be unrelated to antiepileptic drug (AED) 
levels. Video-EEG monitoring reveals no seizure pattern 
during the episode. Psychogenic unresponsiveness (that is, 
unresponsiveness during the presence of a preserved alpha 
background rhythm) is also very helpful. Pseudoseizures 
occasionally coexist with true seizures, and the monitor-
ing must document all the seizure types reported by the 
family. Migrainous phenomena (108) may be difficult 
to distinguish from CPS, especially if they are associ-
ated with visual hallucinations or confusion. Migraine 
and partial seizures may coexist, or at times migraine 
may be followed by a partial seizure. The prodrome of 
the migraine attack usually develops more slowly than 
the epileptic aura. The frequent occurrence of vomiting 
and family history make this diagnosis more likely. The 
recording of a typical episode in the laboratory with EEG 
and video monitoring is helpful.

Radiologic Findings

MRI is the imaging modality of choice in a child with par-
tial or localization-related epilepsy because of its inherent 
advantages in soft tissue contrast, spatial resolution, multi-
planar capabilities, and lack of bone artifact. Kuzniecky and 
coworkers correlated the MRI imaging results with pathol-
ogy in 44 children with intractable epilepsy and showed a 
potential epileptogenic abnormality in 86% of patients (109). 
CT scanning is inferior in detecting lesions that may be seen 
only on MRI, with the exception of revealing intracranial 
calcification in Sturge-Weber syndrome, congenital brain 
infections such as toxoplasmosis, or cytomegalovirus. 
MRI reliably demonstrates hippocampal atrophy in 70% 
to 90% of patients with mesial TLE (110, 111). Accurate 
assessment of hippocampal size by volumetric studies has 
been shown to correlate with severity of neuronal loss 
in the hippocampus (112) and seizure outcome follow-
ing resection (113). MRI has led to increased recognition, 
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better characterization, and improved understanding of 
malformations of cortical development (MCD). The gen-
eralized MCDs include  lissencephaly, pachygyria, band 
or laminar heterotopia, and subependymal heterotopias. 
Localized forms of MCDs include focal cortical dyspla-
sia, polymicrogyria, focal subependymal heterotopias, and 
schizencephaly (114, 115). The identification of a focal 
MCD and complete removal of the lesion is followed by 
good seizure control in 77% of the patients (116). MRI 
is very sensitive in detection of tumors;  vascular malfor-
mations such as cavernous hemangiomas, arteriovenous 
malformations, and subependymal nodules;  and cortical 
tubers in tuberous sclerosis. Positron emission tomography 
(PET) scans may show an area of hypometabolism interic-
tally and a focus of hypermetabolism on ictal scans (98, 99).
Unilateral temporal lobe hypometabolism is present in 
70% to 80% of patients with TLE (117) and corresponds 
pathologically and anatomically to the depth electrode 
localization of the epileptic zone (118). Focal cortical dys-
plasia (FCD) may be difficult to visualize in very young 
children because of incomplete myelination. Interictal PET 
is useful in demonstrating areas of hypometabolism corre-
sponding to FCD in infants and children with catastrophic 
epilepsy. In the early stages of Rasmussen encephalitis, the 
MRI may be normal, but the PET scan may show focal 
or diffuse hemispheric hypometabolism. Flumazenil PET 
reveals a reduction in benzodiazepine receptor binding in 
the epileptic focus of partial epilepsy (119). Carfentanil 
PET studies of TLE have revealed increased mu-opiate 
receptor binding in the neocortex of the epileptogenic 
temporal lobe, correlating directly with a decrease of glu-
cose metabolism seen on FDG-PET (120). Single-photon 
emission computed tomography (SPECT) has been used 
in patients with refractory seizures considered for epilepsy 
surgery. Interictal SPECT demonstrates hypoperfusion in 
40% to 70% of patients with focal epilepsy (121). Ictal 
SPECT has been reported to have a localization accuracy of 
70% to 100% in TLE (122) and in up to 90% of selected 
patients with frontal lobe epilepsy (123, 124).

Interictal EEG

The interictal EEG may be normal in 30% to 40% of 
patients with clinically documented partial seizures. A 
normal EEG, however, does not rule out the diagnosis 
of epilepsy. The chance of finding an abnormality is 
increased by performing repeated or prolonged EEGs, 
sleep recordings, additional closely spaced electrodes, 
appropriate montages, and hyperventilation. With these 
techniques, the yield may be increased up to 90% (125–
127). A unilateral temporal lobe focus is found in most 
cases of CPS. Bitemporal sharp wave foci are seen in 25% 
to 33% of patients (118). An extratemporal focus is seen 
in 15% to 20% of patients, usually in the frontal lobe 
(13). Focal intermittent rhythmic slowing may be seen 

intermittently in approximately half the patients with 
focal seizures (125–128) and has the same significance 
as focal spikes. One may also find focal slowing that is 
nonrhythmic with suppression of the normal background 
rhythms in 75 percent of patients (125). It is important 
to exclude nonepileptiform sharp transients such as small 
sharp spikes, psychomotor variant, or 14- and 6-Hz 
spikes. Additionally, benign focal epileptiform discharges 
of childhood may occur in asymptomatic children (129). 
These usually are found in the central or midtemporal 
location, have a characteristic stereotyped waveform, and 
are markedly activated during sleep.

Ictal EEG

According to Gastaut (130), the ictal EEG is abnormal in 
more than 95% of cases. In 75% of patients, the inter-
ictal spikes or sharp waves show an abrupt cessation or 
decrease just before ictal onset. This is then followed by 
rhythmic activity that shows a progressive buildup of 
amplitude and frequency (most often in the 13- to 30-Hz 
range, but possibly in the theta or delta range). This may 
be well localized to the area of the focus, or it may be 
more widespread over that hemisphere (125). Focal beta 
activity at seizure onset seen in scalp recordings occurs 
in 25% of patients with FLE and is felt to be predictive 
of good outcome after focal resection (131). Postictally, 
one may find slowing or flattening, which, if focal, may 
be helpful in lateralization (132). Sometimes it is diffi-
cult to localize or lateralize the seizure onset from scalp 
recordings. Invasive recordings with subdural or depth 
electrodes may be indicated in such cases (132–138).

PROGNOSIS

Contrary to previous reports that stated that up to one-
third of patients with CPS became seizure-free (139), our 
experience and that of others indicates that although 
some patients do become seizure free on medication, 
spontaneous remission (that is, seizure free off medica-
tions) is rare (140). Pazzaglia and coworkers reported 
that good seizure control was achieved in 31% of patients 
with simple partial seizures, 37% of those with complex 
partial seizures, and 61% of those with secondarily gen-
eralized epilepsy (141). Loiseau and coworkers found 
that seizure control could be predicted after 1 year of 
treatment (142). Thus, it should be possible to document 
medical intractability within a couple of years after sei-
zure onset. Such patients should undergo prolonged video 
-EEG monitoring, high-resolution MRI, nuclear imaging 
(PET, ictal SPECT), and functional assessment. If found 
to be suitable candidates, epilepsy surgery should be per-
formed sooner rather than later to minimize compromise 
of psychosocial and intellectual function.
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Selected Disorders 
Associated with Epilepsy

ertain diseases and clinical syn-
dromes should be suspected by 
their presentation with particular 
types of epilepsy, seizures, or EEG 

characteristics. A case in point would be the infant who 
presents with infantile spasms and is found to have hyp-
sarrhythmia on the electroencephalogram (EEG). The 
clinical evaluation should include an ultraviolet light 
(Wood’s lamp) examination of the skin for hypomelanotic 
macules (1, 2). The diagnosis of tuberous sclerosis may 
be confirmed by neurologic evaluation and brain imag-
ing with either computed tomography (CT) or magnetic 
resonance imaging (MRI). In a similar manner a variety 
of uncommon diseases in which epilepsy is a prominent 
symptom can be suspected by recognizing distinctive 
forms of epilepsy. Additionally, seizures may arise in 
disorders that otherwise do not have prominent neu-
rologic features. In this context, seizures are important 
“red flags” that may indicate a cerebral insult and the 
potential for serious neurologic complications or may be 
an important prognostic marker. This chapter discusses 
important examples of childhood disorders in which 
epilepsy plays a major role.

Lawrence D. Morton

NEUROCUTANEOUS DISORDERS

Tuberous Sclerosis

Tuberous sclerosis complex is a congenital neurocuta-
neous disease of autosomal-dominant inheritance and 
variable expressivity (2). However, only one-third of 
cases are inherited. Two different mutations have been 
described that cause the tuberous sclerosis complex: 
TSC1 (9q34.3) and TSC2 (16p13.3) (3, 4). A mutation 
in one of these genes can be seen in up to 85% of patients 
fulfilling clinical criteria for tuberous sclerosis (5). TSC1 
encodes a protein called hamartin. Hamartin forms a 
complex with the tuberin protein, which is encoded by 
the TSC2 gene, and the complex is thought to func-
tion in part as a negative regulator of the cell cycle (6). 
These proteins appears to participate in normal brain 
development (7).

Hamartomas, or benign growths, may affect almost 
any organ but notably the skin, central nervous system 
(CNS), retina, heart, and kidney. The incidence of tuber-
ous sclerosis varies in different studies from 1 in 10,000 to 
1 in 170,000, but with increased evaluation, the disease 
appears to be more prevalent and not rare (2).

C
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Tuberous sclerosis most often presents with seizures. 
In all, 80% to 90% of patients develop seizures at some 
point in their lifetime. Generalized seizures are the most 
frequent. Infantile spasms occur in 68% of cases present-
ing in infancy. Tonic, atonic, and atypical absences are 
also seen, especially in patients who have slow spike-wave 
EEG patterns and thus conform to the Lennox-Gastaut 
syndrome. Tonic-clonic seizures usually occur after 1 year 
of age, replacing other seizure types (8). Complex partial 
seizures also occur frequently.

Various EEG abnormalities have been docu-
mented, depending on the clinical seizure type. Infan-
tile spasms are associated with a hypsarrhythmia, 
which may progress to multifocal EEG abnormalities 
including, most frequently, sharp-and-slow-wave dis-
charges and spike-and-wave discharges. In general, the 
EEG abnormalities relate to the age of onset of the 
seizures (9, 10).

The neurologic examination is frequently nonfo-
cal; however, focal or diffuse signs occur with increasing 
size of subependymal or cortical lesions. These include 
hydrocephalus, movement disorders, visual disturbances, 
mental retardation, and rare focal motor deficits. The 
prognosis depends on the number and location of intra-
cerebral lesions. The presence of numerous multifocal 
lesions correlates with an early onset of difficult-to-control 
seizures and mental retardation. Approximately 37% of 
patients with tuberous sclerosis have average intelligence; 
50% to 60% are mentally retarded. Seizure-free children 
usually have normal intelligence. Involvement of other 
organ systems, especially the heart and kidneys, may 
affect longevity. Aberrant behavior frequently becomes 
the most difficult management issue in these children as 
they become older.

Seizures are surprisingly refractory to treatment. 
Patients with infantile spasms and myoclonic seizures 
need to be treated immediately. The treatment of choice 
for each patient depends on their seizure type, age, and 
comorbidity (2, 11, 12). Infantile spasms are treated with 
adrenocorticotropic hormone (ACTH), valproate, viga-
batrin, zonisamide, or topiramate (13, 14). Vigabatrin 
has been reported to be efficacious in the treatment of 
refractory infantile spasms.

Surgical treatment for focal abnormalities, or tubers, 
primarily correlated by EEG evidence of partial seizures, 
has been quite successful (12) (see Chapters 62 and 63). 
Traditionally, patients with tuberous sclerosis were con-
sidered poor surgical candidates. Recently, centers have 
been performing more epilepsy surgery in these patients 
and with good results (15). Agreement between EEG, 
imaging of tubers, and clinical seizures allows this group 
to compare favorably with other lesional epilepsy surgery 
outcomes, and seizure-free rates of over 80% have been 
reported (16).

Neurofibromatosis
(von Recklinghausen’s Disease)

Neurofibromatosis is inherited as an autosomal-domi-
nant disorder. There are two main types: NF1 (also 
known as Von Recklinghausen’s disease or peripheral 
neurofibromatosis) and NF2 (also known as bilateral 
acoustic neurofibromatosis). NF1 is by far the more 
common and the classic form. NF1 has an incidence of 
1 in 4,000 births. Central or acoustic neurofibromatosis, 
NF2, causes acoustic neuromas, not cutaneous or bony 
abnormalities. NF1 has been mapped to 17q11.2 and 
NF2 to the long arm of chromosome 22 (17, 18).

Classic neurofibromatosis is characterized by pig-
mentary abnormalities and neurofibromas (17, 19). Skin 
lesions include café-au-lait spots (6 or more � 0.5 cm in 
prepubertal children and � 1.5 cm in postpubertal chil-
dren) and intertriginous freckles. Lisch nodules in the iris 
are present in a minority of affected young children but 
increase with age. Neurologic features include seizures 
in 3% to 6% (20, 21), though an incidence as high as 
10% has been reported (22); occasional mental retarda-
tion, learning disorders, and a heightened risk of devel-
oping glial CNS tumors, with visual path glioma being 
most common in NF1. Although cortical heterotopias 
are found in rare cases, most often the pathogenesis of 
epilepsy and learning problems is unclear. Other features 
include growth disturbances, osseous aplasia or hyperpla-
sia, macrocephaly, scoliosis, precocious puberty, and cere-
brovascular lesions causing stroke. There is an increased 
risk of malignancies, which can limit longevity.

The treatment of seizures associated with neurofibro-
matosis is dependent on seizure type and whether a spe-
cific intracranial mass lesion is present. Most patients are 
treated with chronic antiepileptic drug (AED) therapy, with 
very few having spontaneous remission of their epilepsy.

Sturge-Weber Syndrome

Sturge-Weber syndrome is characterized by a portwine 
stain unilaterally over the upper face, superior eyelid, or 
supraorbital region, corresponding to the sensory com-
ponent of the ophthalmic branch of the trigeminal nerve. 
Buphthalmos or glaucoma is the most characteristic and 
constant ocular lesion (23). Intracranial calcification 
occurs in 90% of cases. Seizures are often the presenting 
symptom and usually in early childhood. The percentage 
of patients manifesting partial or secondarily generalized 
seizures increases steadily with age, so that by age 5 years 
nearly 95% of patients have seizures (24). Seizures are 
more common with bilateral cutaneous manifestations 
(87–93%) than unilateral (71%) (24, 25). EEG reveals 
decreased amplitude and frequency over the affected hemi-
sphere with diffuse multiple and independent spikes (26). 
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Surgical removal of the affected lobe or hemisphere 
should be considered when seizures are refractory. Sig-
nificant improvement in seizure control with no disabling 
deficit is often seen. Seizure freedom has been seen in up 
to 81% (27). Results of limited cortical resection were 
not as dramatic, though there was also relief of seizure 
activity (28). Tuxhorn and Pannek reported two chil-
dren with bilateral Sturge-Weber syndrome who benefited 
from hemispherectomy, suggesting that removal of the 
dominant epileptogenic focus can be considered in some 
patients with bilateral disease (29).

Hypomelanosis of Ito

Hypomelanosis of Ito is characterized by macular cuta-
neous hypopigmentation in patterns of whorls, streaks, 
and patches, as well as generalized abnormalities. Asso-
ciated neurologic abnormalities, seen in 61% to 100% 
of patients, include developmental delay and refractory 
seizures, sometimes manifesting as infantile spasms (30, 31). 
Cortical atrophy is seen on imaging studies. The EEG 
abnormality shows no consistent pattern (32). Seizures 
occur in 53% (33). No specific antiepileptic drug treat-
ments tailored to the underlying etiology have been rec-
ommended; instead, medications are usually selected to 
treat the seizure type. Surgery has been used successfully 
but with very few patients (34).

Incontinentia Pigmenti

The skin lesion of incontinentia pigmenti, which is seen 
mostly in girls, has three stages. Initially, one sees macular 
papular vesicular and even bullous lesions occurring in the 
first 2 weeks of life and located primarily over the limbs or 
trunk. This stage is followed by a keratotic verrucous lesion 
over the limbs, followed by hypopigmentation or skin atro-
phy. Subsequent pigmentation then occurs. The CNS is 
commonly involved, with generalized and focal seizures in 
9 percent to 13 percent of patients, typically satisfactory 
control is often achieved (35). Retardation, spasticity, and 
microcephaly occur in 5% to 16%. Ocular abnormalities 
occur in one-third of the patients (36).

Epidermal Nevus Syndrome

Epidermal nevi may be present at birth or may develop 
later, usually around the time of puberty. The skin lesions 
are slightly raised, ovoid, or linear plaques. As the patient 
approaches puberty, the lesions may change from skin-
colored to an orange-brown and become verrucous (37). 
Epilepsy, mental retardation, and focal motor deficits are 
the most commonly encountered neurologic manifestations. 
Seizures are present in the majority of patients with linear 
sebaceous nevus (38). A variety of congenital malformations 

of the CNS have been described including hemimegalenceph-
aly, heterotopias, and schizencephaly (39). A wide variety of 
seizure disorders may be seen in this disorder.

METABOLIC DISORDERS

Various diseases with underlying inborn metabolic abnor-
malities may cause epilepsy characterized by a particular 
EEG abnormality (40). Early identification and appropriate 
treatment of these specific disorders frequently leads to the 
best treatment of seizures and optimal developmental out-
come. AEDs, however, are sometimes necessary adjuncts.

Urea Cycle Disorders

Urea cycle disorders occur in 1 in 30,000 births. Seizure 
activity may be the presenting symptom associated with 
hyperammonemia, which can be precipitated or worsened 
by valproate therapy in unrecognized ornithine transcar-
bamylase deficiency (41). Deficiencies of ornithine trans-
carbamylase and arginosuccinic acid lyase have resulted 
in abnormal EEG activity characterized mainly by multiple 
spikes, spike waves, or slow-and-sharp-wave activity. The 
EEG normalizes with successful treatment of the metabolic 
disorder (42). Citrullinemia also has presented with seizure 
activity and an EEG with multifocal spikes (43). How-
ever, there is a lag in EEG normalization after treatment 
(peritoneal dialysis) in this condition. Neurologic deficits 
persist in reported cases (44).

Phenylketonuria

Phenylketonuria, when untreated, may be associated with 
infantile spasms and hypsarrhythmia. Phenylketonuria is 
caused by a deficiency in hepatic phenylalanine hydroxy-
lase, whose gene is located at 12.q24.1 (45). In treated 
phenylketonuria there is an increased prevalence of EEG 
abnormalities manifesting as generalized slowing with 
or without spikes (46). With advancing age, the EEG 
abnormalities increase but lack any relationship to IQ 
or dietary treatment (47).

Menkes Disease

Menkes kinky hair disease, a sex-linked disorder with its 
gene located on the long arm of the X chromosome, causes 
a marked reduction of serum copper and serum cerulo-
plasmin levels. Patients typically present at 2–3 months 
of age. The clinical findings consist of mental retardation, 
poorly pigmented fragile hair, hypotonia, and generalized 
seizure activity, frequently infantile spasms (48). Milder 
forms have been described with less or minimal neuro-
logic sequelae; the mildest Menkes variant is known as 
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occipital horn syndrome, in reference to the pathogno-
monic wedge-shaped calcification that forms within the 
trapezius and sternocleidomastoid muscles at their attach-
ment to the occipital bone in affected individuals (49). 
Parenteral copper benefits some patients with Menkes 
disease. This may reflect preservation of some activity 
of certain copper ATPase alleles (50).

Glycine Encephalopathy

Glycine encephalopathy, also known as nonketotic hyper-
glycinemia, is an autosomal recessive disorder caused 
by defective function of the multimeric glycine cleav-
age enzymes. The most common defect, affecting the 
P protein, is encoded by a gene localized to 9p22. Glycine 
is elevated in the plasma, urine, and cerebrospinal fluid 
(CSF). The lack of ketones helps differentiate between 
nonketotic hyperglycinemia and organic acidurias such as 
methylmalonic acidemia and propionic acidemia. Infants 
with the classic form of the disease present in the first 
week after birth with apnea, lethargy, and hypotonia (51). 
Intractable seizures develop; the EEG demonstrates burst-
suppression or hypsarrhythmia (52). Brain imaging in 
nearly one half of patients with glycine encephalopathy 
shows congenital abnormalities including atrophy and 
agenesis of the corpus callosum (41C). Valproate is con-
traindicated, because it induces hyperglycinemia (53).

GM2 Gangliosidoses

GM2 gangliosidoses (Tay-Sachs and Sandhoff diseases) 
have seizures as a frequent complication, particularly in 
the infantile form. The first symptom is an excessive startle 
in response to noise, tactile stimuli, or light flashes. This 
startle response in patients with Tay-Sachs disease, which 
differs from the Moro response of normal infants, con-
sists of a quick extension of the arms and legs, frequently 
with clonic movements. There is arrest in development, 
and axial hypotonia ensues. During the second year after 
birth, macrocephaly develops, and seizures become more 
prominent. These may be myoclonic or gelastic and can 
be induced by auditory or tactile stimulation (54). Later, 
blindness develops and patients become increasingly less 
responsive. Autonomic dysfunction is a frequent finding 
including apnea. In Sandhoff disease the only clinical 
differences compared to Tay Sach’s disease are mild hepa-
tosplenomegaly, secondary to storage of globoside, and 
bony deformities (54).

Pyridoxine-Dependent Seizures

Seizures beginning in the first week after birth may 
have pyridoxine dependency. Associated symptoms may 
include episodes of restlessness, irritability, and feed-
ing difficulties. The seizures are refractory to standard 

anticonvulsant medications but respond well to pyri-
doxine administration (55). Atypical forms are com-
mon and may outnumber the classical form. Features 
include late onset after the first week but typically in the 
first months after birth, transient response to standard 
therapy, and atypical seizures (56). Very late forms have 
been described (57), as well as response following failed 
trials during infancy (58). Some cases have localized to the 
gene at chromosome 5q31.2–q31.3 (59).

Porphyria

Although porphyria does not become symptomatic until 
after puberty, it occasionally affects older adolescents. 
Seizures commonly occur in 15 percent of patients with 
porphyria, usually during an acute attack. Seizures may 
be partial or generalized. Therapy of chronic seizures in 
these patients must avoid drugs that increase porphyria 
precursors and induce attacks. This includes all com-
monly used AEDs (60), although gabapentin and leveti-
racetam should be safe and effective.

Biotinidase Deficiency

Skin rashes and striking neurologic symptoms with 
seizures are prominent signs of biotinidase deficiency. 
Hypotonia, developmental delay, and seizures are pre-
senting features in the neonatal form. In the late-onset 
type, 1 week to 2 years onset, the most common present-
ing feature is seizures. The most common seizure type is 
myoclonus, although generalized tonic-clonic and focal 
clonic seizures have been described (61). Ataxia and 
hypotonia are present, as are rash and alopecia. Hear-
ing loss may occur. Treatment is oral biotin with rapid 
response within 24 hours (61, 62).

Other Inborn Errors of Metabolism

Other inborn errors of metabolism may be associated with 
generalized seizure activity. These include maple syrup urine 
disease, galactosemia, organic acidurias, hyperammonemia, 
and peroxisomal disorders, to mention only a few.

INFECTIONS

Infants with prenatal intracranial infections often present 
with postnatal seizures. A common infection is cytomega-
lovirus (63). In particular, infants with neonatal herpes 
simplex encephalitis may have specific EEG patterns 
consisting of periodic or quasiperiodic patterns. Thus, 
a periodic pattern in a young infant with partial motor 
seizures and lymphocytic CSF pleocytosis is highly sug-
gestive of herpes virus encephalitis (64), cytomegalovirus, 
or toxoplasmosis (65).
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Human Immunodeficiency Virus

HIV has emerged as a major prenatal infection with sig-
nificant neurologic morbidity. Approximately 90 percent 
of prepubertal cases reflect intrauterine or intrapartum 
infection. The predominant clinical finding is a triad of 
impaired brain growth, progressive motor dysfunction, 
and plateau or loss of developmental milestones (66, 67). 
In children, CNS effects usually result from direct HIV-1 
infection, not from tumors or opportunistic infections, in 
contrast to adults (66). Seizures occur at only a slightly 
higher incidence in the pediatric HIV-1 population (68) 
than in the uninfected population. Seizures may be the 
presenting symptom in children with new stroke as a 
complication of HIV (69, 70). The incidence of new-onset 
seizures in HIV patients has been found to be between 
4% and 11%, with most having advanced AIDS (71).
The presence of a seizure leads to a workup, including 
neuroimaging, to look for coexisting focal pathology (72) 
or opportunistic infection.

Subacute Sclerosing Panencephalitis

This condition was first reported in 1993 as an inclusion 
body encephalitis. Measles virus is the causal agent and 
persists in the CNS. Virus persistence appears to be a result 
of a defect in replication. The progression of the illness 
has been broken into four stages, with stage I including 
mild behavioral and intellectual changes and stage IV 
including flexor posture, mutism, and autonomic insta-
bility. Seizures typically develop in stage II. Myoclonus is 
the best known and typically is periodic and stereotypic. 
The EEG demonstrates periodic complexes of high-ampli-
tude delta waves occurring every 4 to 12 seconds and 
are synchronous with the myoclonic jerks (73). Other 
seizure types include akinetic, atypical absence, general-
ized tonic-clonic, and focal clonic (74). The prognosis 
is grave even with treatment, with a median survival of 
1 year. Although this condition had become quite rare, 
an outbreak due to overall low vaccination rates in 1989 
to 1991 caused a 10-fold increase in biopsy-proven cases 
from 1992 through 2003 (75).

Acute CNS Infections

Any acute infection of the CNS may lead to seizures, 
including bacterial meningitis, viral encephalitis, focal 
cerebritides, and parasitic infections. Bacterial meningitis 
should be suspected and excluded by lumbar puncture in 
any child with seizures in the setting of headache, fever, 
and meningeal signs. The causal agent typically varies 
with patient age.

Acute viral encephalitis may produce seizures. Herpes 
simplex is the most common infectious encephalitis asso-
ciated with seizures (76). In herpes simplex encephalitis, 

patients may have a prodrome of malaise, fever, head-
ache, and nausea. This is followed by acute or subacute 
onset of an encephalopathy whose symptoms include 
lethargy, confusion, and delirium. Headaches, seizures, 
aphasia, and other focal deficits may follow. Even with 
modern treatment, mortality in children may be as high 
as 20%, and an even larger percentage suffer permanent 
neurologic sequelae (77). Other viral encephalitides asso-
ciated with seizures include California, Japanese, and 
St. Louis encephalitides as well as Eastern and Western 
encephalitides.

Parasitic infections of the central nervous system 
may lead to seizures. Although this is more common in 
the immunosuppressed, some infections may occur in 
immunocompetent patients. Cysticercosis is caused by the 
metacestode, or larval stage, of Taenia solium, the pork 
tapeworm. Cysticerci that enter the CSF are initially viable 
but do not cause much inflammation in surrounding tis-
sues; this phase of infection is usually asymptomatic. The 
host develops a state of immune tolerance to the parasite, 
and cysticerci can remain in this stage for many years. 
Most patients remain in this stage for life. Cysticerci do 
not produce clinical symptomatology until the cysts begin 
to degenerate. The leaking cyst leads to a surrounding 
inflammatory reaction. The most common neurologic 
manifestation is seizures, occurring in about 75% (78). 
Trichinosis results from ingesting the nematode parasite 
Trichinella from contaminated pork. Trichinosis has two 
stages: an intestinal stage and a muscle stage, during the 
latter of which neurologic symptoms may occur. Involve-
ment of the CNS occurs in 10% to 20% of patients. The 
mortality rates may be as high as 50% (79). Neurologic 
disease may develop early or late, and can be diffuse or 
focal in nature and may include seizures.

Systemic Infections

Systemic infections may lead to seizures, mostly by altera-
tions in electrolytes or other effects such as hypoxia, such 
as in pneumonia. Shigella, however is associated with a 
high frequency of seizures in young children, occurring 
in one series at 5% (80). This large study also suggested 
that factors other than Shigella toxin were the cause of 
the seizures.

CHROMOSOMAL ABNORMALITIES AND 
CONGENITAL BRAIN ABNORMALITIES

Chromosomal abnormalities, including trisomy 13 and 21, 
may result in infants and children with seizure activity. 
Approximately 20 percent of patients with fragile X syn-
drome have seizures (generalized or partial) with spikes 
similar to rolandic spikes, which are noted during sleep 
tracings (81, 82). Five percent to 6% of children with 
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Down syndrome (trisomy 21) have seizures (83). Infantile 
spasms may occur but are fairly responsive to therapy.

Congenital malformations with neurologic deficits 
can cause infantile spasms and hypsarrhythmia as well as 
other seizure types. The Aicardi syndrome, an X-linked 
dominant syndrome limited to females, is marked by 
agenesis of the corpus callosum, mental retardation, ver-
tebral anomalies, and chorioretinal lacunae. In patients 
with seizures, 97% have had infantile spasms, with many 
having other seizure types (84). Patients with septo-optic 
dysplasia, with absence of septum pellucidum, optic nerve 
hypoplasia, and hypothalamic-pituitary dysfunction, can 
also present with infantile spasms (85). Various brain gyral 
malformations such as lissencephaly, agyria- pachygyria,
and others may cause infantile spasms or other seizure 
types (86–88).

Angelman Syndrome

Angelman syndrome occurs in children with a history of 
nonprogressive delayed development from infancy. Jerky 
limb movements, stiff ataxic-like gait, paroxysms of inap-
propriate laughter, and lack of speech are characteristic. 
Distinctive facial features with a prominent lower jaw, 
wide mouth, frequent tongue thrusting, and a thin upper 
lip are consistent. A chromosomal abnormality of mater-
nal origin 15q11–13 has been detected in patients with 
Angelman syndrome (89).

Seizure activity is a frequent presenting symptom 
and is found in 86 percent of patients (90). Seizures 
commence at an early age, appearing by age 11 months 
at the earliest but often by 2 years of age. Myoclonic, 
atypical absence, generalized tonic-clonic, and unilateral 
clonic seizures are the typical clinical patterns, whereas 
infantile spasms are rare (91–93). In one series almost all 
patients had nonconvulsive seizures (94). The EEG dem-
onstrates large-amplitude generalized spike-wave activity 
that may precede the clinical manifestation of seizures. 
Runs of rhythmic delta may be seen with either a frontal 
or an occipital predominance. There are often admixed 
spikes which have an inconsistent relationship to the slow 
waves, sometimes occurring on the descending portion of 
the slow wave and giving a “notched” appearance. This 
large rhythmic activity persists in sleep. The spike-wave 
activity also tends to be accentuated with eye closure. 
Thus, this facilitation of the EEG pattern with eye clo-
sure and the general pattern present from 1 year of age is 
suggestive of Angelman syndrome (95). This EEG pattern 
appears to persist, is not modified by AEDs, and may not 
be consistently correlated with clinical features. Other EEG 
findings include high-amplitude 4–6-Hz activity and pos-
terior spike and sharp waves (96). Brain imaging shows 
variable results, with brain atrophy in perhaps 50 percent 
of patients. Correlation exists between epilepsy pheno-
types and genotypes (97).

Prader-Willi Syndrome

Prader-Willi syndrome consists of short stature, small 
hands and feet, obesity, and mental retardation preceded 
in infancy by hypotonia and feeding difficulty. Boys have 
hypoplastic, flat scrotums with inguinal or abdominal 
testes. Seizures occur in 15% to 20% (98–100). It is rare 
to find the distinct EEG features of Angelman syndrome 
in Prader-Willi syndrome, though some cases exist (100). 
Although most cases are sporadic, concordance in mono-
zygotic twins has been reported (101).

The disorder results from the specific deletion of 
15q11–13 of paternal origin (102). The same region is 
deleted in Angelman syndrome; the different syndromes 
result from genetic imprinting (103).

Miller-Dieker Syndrome

Miller-Dieker syndrome includes microcephaly and lis-
sencephaly, epilepsy, profound mental retardation, and 
occasional anomalies of the heart and genitalia (104, 105). 
Characteristic features include flat midface, prominent 
forehead, protuberant upper lip, and small jaw. It results 
from a deletion of the terminal end of the long arm of 
chromosome 17p13.3. Smaller deletions in chromosome 
17 have also resulted in lissencephaly but without the 
typical facial features (106, 108). Overall, about 25 syn-
dromes of different genetic basis and varying associated 
symptoms have been described (108). Infantile spasms 
are found in almost all Miller-Dieker and isolated lissen-
cephaly syndrome patients. The infantile spasms usually 
respond to corticotropin. The other seizure types may 
respond to any seizure medicine. Corpus callosotomy 
has been used to treat an 11-month-old with bilateral 
lissencephaly and intractable tonic seizures (109).

MITOCHONDRIAL ENCEPHALOMYOPATHIES

The mitochondrial encephalomyopathies consist of a het-
erogeneous group of multisystem disorders. Seizures are 
a common finding in this class of disease. Seizures are a 
defining symptom in myoclonic epilepsy with ragged red 
fibers (MERRF) and are a common feature in mitochon-
drial encephalomyopathy, lactic acidosis, and strokelike 
episodes (MELAS). Seizures are uncommon in Kearns-
Sayre syndrome.

Myoclonic Epilepsy with Ragged Red Fibers

Ataxia, intention and action myoclonus, and progres-
sive mental deterioration have been reported in MERRF. 
Associated with these features, aggregates of mitochon-
dria in skeletal muscle, known as ragged red fibers, are 
demonstrated by muscle biopsy. A specific mutation in 
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mitochondrial DNA was discovered,a missense mutation 
in the gene for transfer RNA for lysine that accounts for 
80% to 90% of MERRF cases (110). Generalized tonic-
clonic seizures that are photosensitive are a feature and 
may be a presenting symptom. Spike-wave complexes 
occurring spontaneously and coinciding with myoclonic 
activity occur (111).

Mitochondrial myopathies associated with myo-
clonic epilepsy have been described occurring in families. 
Recently, mitochondrial abnormalities have been reported 
in Rett syndrome (112), discussed in a later section. In 
most reported mitochondrial myopathies, EEGs typically 
show generalized spike-wave activity. Seizure control is 
difficult in severe cases (113). The seizures of MERRF 
have been treated with typical antiseizure agents. Leveti-
racetam has shown encouraging results in a small number 
of patients (114).

Mitochondrial Encephalomyopathy with 
Lactic Acidosis and Strokelike Episodes

MELAS has among its defining features strokelike episodes, 
typically before age 40; encephalopathy characterized by 
dementia, seizures, or both; and evidence of a mitochon-
drial myopathy with ragged red fibers, lactic acidosis, or 
both. A variety of point mutations have been described that 
are causal, though one mutation accounts for about 80% of 
cases (115). Patients with MELAS frequently have seizures. 
In one group, seizures were the initial clinical symptom 
in 28%. They were sometimes associated with a strokelike 
episode. Seizures were both generalized and partial (116). 
Partial seizures were most typically motor. Seizures typi-
cally respond to conventional antiseizure agents, though 
valproate may exacerbate the disorder (117).

AUTISM AND AUTISTIC 
SPECTRUM DISORDERS

Autism is a heterogeneous, pervasive developmental dis-
order (118). Markedly abnormal or impaired develop-
ment in social interaction and communication skills are 
evident in the first 3 years. Patients are often described as 
either passive or overly irritable as infants, and they fail to 
anticipate being picked up. Dysfunctional behaviors may 
start to appear, such as self-stimulatory behaviors (i.e., 
repetitive, non-goal-directed behavior such as rocking or 
hand flapping), self-injury, sleeping and eating problems, 
poor eye contact, insensitivity to pain, hyperactivity, and 
attention deficits (119, 120). More than a third, 41.9%, 
fall in the severe to profound range of mental retarda-
tion (121). However, cognitive skills in individuals with 
autism may show uneven development.

Underlying disorders include congenital infections 
(rubella, cytomegalovirus), phenylketonuria, tuberous 

sclerosis, fragile X, and Rett syndrome, though an etiol-
ogy is not determined in up to 90% (122). Researchers 
have located several brain abnormalities in individuals with 
autism; however, the reasons for these abnormalities is not 
known, nor is the influence they have on behavior. Selective 
hypoplasia of the neocerebellar vermis has been reported 
on midsagittal MRI of autistic patients (123), while 
in another study, total cerebellar volume has been 
increased (124). Recent studies show that the cerebellum 
may have a modulatory role in a wide array of neurobe-
havioral functions including learning (125), communica-
tion, attention, and socialization in addition to motor 
behavior. Abnormalities have been seen in the amygdala 
and hippocampus; damage to this region in monkeys has led 
to autistic-like behavior (126). Dysregulation in serotonin 
has also been found in some patients with autism (127), 
while others have implicated dopamine, norepinephrine, 
or neuropeptide function. There is some indication of 
a genetic influence in autism. A 60% concordance for 
autism was found in monozygotic twin pairs versus 0% 
in dizygotic twins, with an estimated heritability of over 
90% in one study (128).

Electrencephalographic abnormalities are present in 
27% to 77% of individuals (129, 130). However, many 
individuals have abnormal EEGs but not clinical epilepsy. 
Incidence of clinical epilepsy has been observed to be as 
high as 40% with higher rates in children in the more 
impaired range of autism (131).

Treatment has focused primarily on the behavioral 
aspects. In addition to medications, behavioral, edu-
cational, and language training have been employed. 
Commonly used medications include selective serotonin 
reuptake inhibitors (SSRIs) as well as classic and newer 
neuroleptics; stimulants are also commonly used. Many 
of the antiseizure medications, particularly valproate, 
have been used to treat behavior problems in a variety of 
patients with different medical and psychiatric problems. 
This has been true in autism as well. Many experts have 
found antiseizure medications to be of benefit for behav-
ior problems as well as treating seizures (132). Antiseizure 
medications may be employed in children with autism 
who do not also have seizures. There is preliminary evi-
dence supporting the hypothesis that there is a subgroup 
of of autistic children and seizures who preferentially 
respond to antiseizure medications (133, 134).

Acquired Epileptic Aphasia 
(Landau-Kleffner Syndrome)

Landau-Kleffner syndrome is typified by the loss of 
receptive and expressive language in association with 
paroxysmal EEG changes and, in some cases, seizures 
(135). Partial seizures in the dominant hemisphere both 
acutely and postictally may be associated with transient 
aphasia. However, in this disorder children who have 
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developed normal language then experience a progressive 
deterioration of language (136). Age of onset ranges from 
3 to 8 years, and boys are more frequently affected than 
girls (137). Diffuse or focal spike-waves with temporal 
preponderance are present, as are temporal metabolic 
abnormalities. Magnetoencephalography shows a verti-
cal dipole located in the superior surface of the temporal 
lobe that is 2–3 cm deep (138). Seizure activity may occur 
at a much later stage. The aphasia rarely improves with 
seizure control (139, 140). These children occasionally 
may have autistic-like features. The first language distur-
bance is auditory agnosia. Recognition of the progressive 
nature of the language dysfunction may result in earlier 
intervention (141). The relationship to young children 
with a global autistic regression and epileptiform EEG is 
controversial (142). A consistent cause remains unknown. 
A relationship between Landau-Kleffner syndrome and 
continuous spike-wave of slow-wave sleep remains a 
subject of discussion. Autistic-like features also may be 
seen in children with epilepsy—generalized tonic-clonic, 
absence, and partial complex seizures, either primary or 
secondary (143).

Treatment with standard antiseizure medications 
may be effective for the seizures but have had little impact 
on the aphasia. Drugs such as phenytoin, phenobarbital, 
and carbamazepine may worsen the EEG discharges and 
neuropsychologic deficit (144). Treatment with high-dose 
corticosteroids has been the most successful treatment for 
the aphasia and intellectual disturbance (145, 146). Other 
treatments have included subpial transection (147, 148), 
as well as a small series showing possible benefit with the 
vagus nerve stimulator (149).

Rett Syndrome

Rett syndrome is a unique disorder that affects girls 
almost exclusively and is due to a mutation at the Xq28 
chromosome affecting methyl-CpG-binding protein 2 
(MECP2) (150, 151). Rare cases in males have been 
determined. Three types of MECP2 mutations occur: 
missense, frameshift, and nonsense. The type of mutation 
may affect phenotypic expression; for example, awake 
respiratory dysfunction and lower levels of CSF homova-
nillic acid (HVA) occurred more often with truncating 
mutations, whereas scoliosis was more common with 
missense mutations (150). A large majority (80–85%) 
of cases of classical, sporadic Rett syndrome test positive 
for the MECP2 abnormality, whereas under 50% test 
positive in the variant and familial cases (152, 153).

Abnormalities of CSF biogenic amines have also been 
demonstrated, suggesting neurotransmitter dysfunction (151, 
154). MECP2 appears to target the DLX5 gene on chromo-
some 7q (155). DLX5 may function to induce expression 
of glutamic acid decarboxlyase (GAD) and the differentia-
tion of GABA-producing neurons; therefore, alterations 

in GABAergic neurons may be involved in the pathogen-
esis of Rett syndrome (156).

In the classical form after an apparently normal 
early development (112), girls with Rett syndrome lose 
acquired skills. This deterioration involves loss of acquired 
purposeful motor and hand skills and loss of communica-
tion and cognitive functions between 6 and 30 months. 
Of particular significance is the loss of acquired speech. 
Deceleration of head growth, stereotypic hand-wringing 
movements, and gait apraxia occur between 1 and 5 years 
(157). Apnea, hyperpnea, and breath-holding spells 
occur. Seizures usually appear at 3 to 4 years of age. 
Aberrant behavior, manifesting as irritability, sleepless-
ness, screaming spells, and self-abusiveness, is common. 
Subsequently, hypertonicity and spasticity can occur, 
and progressive scoliosis develops. Atypical or variant 
forms include girls who have some clinical evidence of 
Rett syndrome, but not enough to meet all the specific 
diagnostic criteria.

The progression of the syndrome has been divided 
into four stages (158, 159). Stage I is the period of appar-
ently normal development lasting 6 to 18 months. Stage II, 
the regression period with stereotypy and autistic fea-
tures, lasts 1 to 4 years. Stage III begins at approximately 
3 years of age, when seizures and ataxia occur. The dete-
rioration may stop and the patient may appear stationary. 
Stage IV is associated with severe disability and scolio-
sis. These stages can overlap. The ultimate prognosis is 
dependent on the degree of immobility and scoliosis and 
on the level of subsequent care (160).

Seizures occur in a large majority of Rett syndrome 
patients. One large series out of Sweden found that 94% of 
patients with the classic disease had epilepsy (161). These 
may be generalized tonic, tonic-clonic, atypical absence, 
complex partial, myoclonic, or atonic seizures (158). Multi-
ple seizure types occur in 30% to 40% of patients and may 
be intractable (159). The seizures usually appear at the 
age of 3 or 4 years. After 10 years of age it is uncommon 
for seizures to begin. Seizure types may appear refractory; 
however, some patients spontaneously improve on reach-
ing adulthood (158, 160, 162). The incidence of clinical 
seizures may be overestimated, as demonstrated in one 
study that looked at video-EEG in Rett syndrome patients 
and determined that about half of the events identified as 
typical seizures were nonepileptic (163). EEG may be help-
ful in the diagnosis of Rett syndrome in stages I and II by 
ruling out Angelman syndrome, in which seizures occur 
before 2 years of age (164).

EEG changes similarly stratify into stages but do 
not correlate with the clinical course. During stage I the 
EEG may be normal or minimally slow. In stage II a 
rapid EEG deterioration occurs with slowing, loss of both 
occipital rhythms, and loss of normal sleep characteristics 
during quiet (non-rapid-eye-movement, non-REM) sleep. 
Focal epileptiform activity, first during sleep and then in 
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wakefulness, with subsequent multifocal discharges, then 
occurs. Stage III is represented by further deterioration 
with generalized slow spike-wave activity and multifo-
cal discharges during sleep and wakefulness. The EEG 
remains markedly abnormal during stage IV.

The evolution of EEG changes is distinctive and can 
aid in the diagnosis of Rett syndrome (165). Multifocal 
central spikes and spike waves of short duration enhanced 
by sleep and predating seizure activity is a fairly con-
sistent finding (166–168). These parasagittal spikes are 
present during the early stages of non-REM sleep and in 
the early morning hours and can help in differentiating 
the diagnosis of Rett syndrome from primary autism, in 
which the EEG usually is normal (169). In some of the 
episodes, apnea may not be seizure activity (163).

ALPERS DISEASE (POLIODYSTROPHY)

The phrase progressive infantile poliodystrophy has been 
used to designate a pattern of symptoms including seizures 
and overall deterioration called Alpers disease. The early 
cases in the literature were heterogeneous, and confusion 
about diagnosis and nomenclature initially hampered the 
understanding of this group of diseases (170, 171). Two 
distinct groups of patients have subsequently emerged. 
One group has microcephaly with shrunken “walnut” 
brains, a progressive degeneration (172). The second 
group indicates a more uniform spectrum of clinical and 
pathologic phenotypes that are due to several inborn 
errors that affect energy metabolism, the Krebs cycle, 
respiratory chain, and mitochondrial function (173–177). 
Some of these patients have insidious but progressive 
liver disease (171, 178), while others are without hepatic 
failure (179). In recent years, when some of these patients 
have died with liver failure, valproic acid hepatotoxicity 
has been blamed (171, 180, 181).

Usually thought to be normal at birth, the children 
develop a progressive illness manifested by developmental 
delay, failure to thrive, focal myoclonus, seizures with a 
propensity for status epilepticus, hypotonia, visual distur-
bances (blindness is common), eventual paralysis, spastic-
ity, and liver failure (177, 182–184). In addition, many 
of these patients develop multifocal myoclonic twitching 
or epilepsia partialis continua of the Kojewnikow vari-
ety (180, 181, 185). Variable features include deafness, 
chorea, and ataxia. They often worsen rapidly during an 
intercurrent illness. Conventional antiseizure agents may 
be used, though the physician may wish to avoid valpro-
ate given the underlying hepatic dysfunction.

At autopsy, there is atrophy of the hemispheres and 
the cerebellum. The cortex has diffuse foci of degenera-
tion with neuronal necrosis, astrocytosis, and spongiosis 
with perivascular and pericellular edema. Other affected 
structures include the basal ganglia, thalamus, brainstem 

nuclei, dentate nucleus, cerebellar cortex, and lumbar spi-
nal ganglia. The predominant hepatic lesions are microve-
sicular fatty infiltration and cirrhosis, sometimes with a 
micronodular pattern (184).

Distinctive EEG features include slow (1 Hz), high-
amplitude (200–1,000 µV) background mixed with lower-
amplitude polyspikes, often with focal prominence in the 
occipital area. The polyspikes on the EEG persist despite 
intravenous doses of barbiturates that suppress clinical 
seizures. Evoked potentials have been variably abnormal. 
Flash visual evoked potentials (VEPs) have ranged from 
normal to absent and often are asymmetric. Brainstem 
auditory evoked potentials (BAEPs) in some cases have 
been absent (185).

Several enzyme deficiencies have been reported as a 
biochemical basis for this disorder. These include abnor-
malities of the pyruvate dehydrogenase (PDH) complex, 
pyruvate carboxylase, coenzyme Q, and complexes I and IV, 
in the second part of the citric acid cycle (after the oxo-
glutarate dehydrogenase complex) in nicotinamide-adenine 
dinucleotide (reduced form) (NADH) oxidation, in cyto-
chrome aa3, and in pyruvate carboxylase activity (177). 
Additional defects in cerebral energy metabolism are 
likely to be discovered. The types of enzyme defects 
described thus far have been associated with elevated 
concentrations of lactic acid in CSF.

COCKAYNE SYNDROME

Cockayne syndrome is characterized by paucity of 
growth with developmental delay; loss of subcutane-
ous fat; cold, cyanosed extremities; increased pigmented 
nevi; and decreased scalp hair. With increasing cachexia 
the patient’s distinctive facies, enophthalmos, and absent 
fat are prominent features. Mental retardation and 
microcephaly with ventriculomegaly and questionable 
normal-pressure hydrocephalus are present. Hyperto-
nicity with various movement disorders and myoclonic 
jerks is present. Optic atrophy and retinal pigmentary 
changes occur. The disorder is inherited as an autosomal 
recessive trait caused by several different mutations on 
chromosomes 5, 10, 13, and 19. Seizure activity usu-
ally has an early onset but can occur initially in adults. 
Status epilepticus resulting in death has been reported 
(186, 187).

INFLAMMATORY AND AUTOIMMUNE 
DISORDERS

Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) may manifest pri-
marily or complicate a more systemic presentation. 
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When neurologic or behavioral symptoms are promi-
nent, the term neuropsychiatric lupus [NPSLE] is used. 
Juvenile-onset lupus carries greater risk of NPSLE and 
poorer prognosis (188). Eleven percent to 17% of 
patients with SLE develop seizures unrelated to renal 
disease, cardiac disease, or drugs. In one large series, 
11.6% had seizures, with about a third experiencing 
seizures at the onset of the disease (189). These gen-
eralized or partial seizures usually occur early in the 
disease. Because a true vasculitis is uncommon, the pre-
cise cause is not defined. The pathogenesis of NPSLE 
is multifactorial and can involve various autoantibod-
ies or immune complexes in mechanisms involving 
vasculopathic and autoantibody-mediated neuronal 
injury. Cerebral microinfarcts and subarachnoid hem-
orrhage have been demonstrated and may be related 
to antiphospholipid antibodies and lupus anticoagu-
lant that can be present. When seizures are associated 
with psychiatric symptoms, a generalized vasculitis may 
be present. However, recently autoantibodies against 
murine neuronal membrane proteins have been discov-
ered and correlate with psychosis, seizures, or both in 
lupus patients (190). Infectious causes need to be ruled 
out in the immunosuppressed patient. Seizures typically 
appear early in the course and are difficult to control. 
Phenytoin, ethosuximide, and carbamazepine can cause 
symptoms similar to those of SLE (191).

Acute Disseminated Encephalomyelitis

The term acute disseminated encephalomyelitis (ADEM) 
describes any immune-mediated encephalomyelitis 
resulting from infections, allergies, or vaccinations. 
Typically this is a monophasic illness occurring in 
pediatric patients, mostly prepubertal, and follows a 
preceding illness commonly by 1 to 6 weeks. Presenting 
symptoms include headache, encephalopathy, depressed 
level of consciousness, paresis, sensory changes, and 
ataxia. Approximately 25% will present with seizures 
(192, 193). Laboratory findings may be unremarkable, 
though about half will have elevated protein on CSF 
testing, and a mild pleocytosis is not unusual. The most 
consistent finding is obtained on MRI, with images typi-
cally showing fuzzy, poorly defined lesions and a high 
lesion load in the white matter, associated with thalamus 
or basal ganglion lesions (194). Good recovery is seen 
with most patients, but up to half may have some deficit, 
mild in most cases but potentially severe. Up to 9% may 
have a residual seizure disorder (106). Corticosteroids 
are most commonly used to treat this disorder, though 
intravenous immunoglobulin has been used with good 
results (195). Seizure treatment is symptomatic, and any 
of the standard drugs would be appropriate based on the 
clinical situation.

NEOPLASTIC DISORDERS

Seizures may occur in cancer patients from either direct inva-
sion, secondary electrolyte abnormalities, paraneoplastic 
syndrome, infection, or drug effect from chemotherapy.

Primary tumors of the central nervous system are 
a rare cause of seizures. In one series, brain tumors 
accounted for 2.5% of partial epilepsies and 0.7% of 
generalized epilepsies (196). Although the majority of 
seizure-producing tumors are supratentorial, focal motor 
seizures, with or without secondary generalization, have 
been seen with cerebellar lesions, particularly ganglio-
gliomas (197, 198). Certain tumors are considered more 
epileptogenic including ganglioglioma (198), hypotha-
lamic hamartoma (199), dysembryoplastic neuroepithelial 
[DNET] (200), and some low-grade astrocytomas (201). 
A large number of seizures prior to lesionectomy and 
residual hyperintense region in the tumor cavity on post-
operative MR imaging are associated with uncontrolled 
seizures (201).

The incidence of seizures complicating the treatment 
of systemic cancer in children has been between 4.5% and 
14% (202, 203). Seizures have been seen with a variety of 
neoplasms, with about half as a complication of treatment 
and the rest by direct tumor invasion (203). Leukemia 
is the most common neoplasm associated with seizures, 
accounting for about half overall (204). In patients with 
leukemia, 47% had a cerebral lesion at the time of first 
seizure (205). Imaging abnormalities seen in leukemia 
include sinus and cortical vein thromboses, cerebral hem-
orrhage, meningeal leukemia, infection, leukemic infiltra-
tion, leukoencephalopathy, and radiation necrosis (206). 
Although seizures may result from metabolic derange-
ments, medications may also be the primary risk; exam-
ples of these medications would include cyclosporine, 
tacrolimus, mehotrexate, busulfan, and thiopeta (204). 
Paraneoplastic syndromes, such as limbic encephalitis, 
may lead to seizures. Although these have neurologic 
problems less frequently in children than in adults, they 
may still occur and produce seizures (207).

Because of its noninducing properties, lack of pro-
tein binding, and lack of drug-drug interaction, gaba-
pentin has been used to treat seizures in children with 
systemic cancers (204, 208). Many of these same advan-
tages exist with levetiracetam, and the development of a 
commercial intravenous form may make this the drug of 
choice in these patients.

CONCLUSIONS

Many disease states may present with generalized, partial, 
or multifocal seizures in infancy and childhood. In cer-
tain instances, seizures are caused by an acute irritation 
to the nervous system (acute symptomatic seizures); in 
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others, seizures are caused by more chronic neurologic 
processes (remote symptomatic). Examples of both have 
been described in this chapter. In either case seizure types 
are rarely distinctive enough to suggest a specific symp-
tomatic etiology. When seizures are recurrent and due 
to a remote symptomatic etiology, the EEG features can 
sometimes be helpful in making a specific diagnosis, such 
as the “notched delta” pattern in Angelman syndrome 
or needle-like central spikes in Rett syndrome. More 
frequently, the epilepsy syndrome and other associated 

neurologic findings can provide the most useful clues to 
the presence of remote symptomatic etiology. Epilepsy 
syndromes that strongly suggest a symptomatic etiology 
include neonatal seizures, early infantile epileptogenic 
encephalopathy, West syndrome, and Lennox-Gastaut 
syndrome. Patients with these epilepsies should have a 
thorough, but targeted, search for underlying causes. 
This information can help to guide effective treatment 
and provides the most useful information for parental 
counseling.
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Treatment Decisions in 
Childhood Seizures

n the past, almost all children with 
a seizure of any type, febrile or 
afebrile, were placed on long-term 
therapy with antiepileptic drugs 

(AEDs). This was based on several assumptions: first, 
that almost all children with an isolated seizure would 
go on to have more seizures (1, 2); second, that seizures, 
even brief ones, could cause brain damage and lead to 
progressively intractable epilepsy (1–3); third, that AEDs 
were not only effective but also safe and that treatment 
was associated with only minimal morbidity; finally, that 
seizures “beget” seizures, and that early AED therapy not 
only prevented seizures but also somehow altered the 
natural history of the disorder and prevented the devel-
opment of “chronic” epilepsy (3–6). We now know that 
these assumptions are not true. Research has provided 
information that has altered the way physicians think 
about seizures, their consequences, and the drugs used 
to treat them. The decision whether and for how long to 
treat a child with AEDs must be weighed against the pos-
sible risks of that treatment and must take into account 
the large body of data that has accumulated: namely, 
that many children with a single seizure do not go on to 
experience further seizures (7–20); that many children 
with epilepsy ultimately go on to become seizure free 
(21–24); that most seizures are brief, and that even pro-
longed seizures rarely cause brain damage unless they 

Shlomo Shinnar
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are associated with an acute neurologic insult (25–28); 
and that antiepileptic medications can cause untoward 
effects (18, 29–31).

The decision of whether to initiate treatment in a 
child with one or more seizures must balance the risks 
and benefits of treatment in each case (18). Similarly, 
the patient who is seizure free on medications for some 
time must weigh the risks of possible seizure recurrence if 
medications are withdrawn against the risks of continuing 
long-term AED therapy. This chapter reviews the data 
relevant to these decisions. The data on the probability 
of seizure recurrence following a first unprovoked seizure 
is presented. Next, the issue of withdrawing antiepilep-
tic drugs in children with epilepsy who are seizure free 
for 2 or more years is considered. This is followed by a 
review of the risks of not treating (i.e., the risks of subse-
quent seizures) and of the morbidity of therapy. Finally, 
recommendations for a therapeutic approach to children 
with seizures are outlined.

RECURRENCE RISK FOLLOWING A FIRST 
UNPROVOKED SEIZURE

An understanding of the natural history of children who 
present with a first unprovoked seizure is necessary in order 
to develop a rational approach to their management. Over 

I
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the past two decades there have been many studies that 
have attempted to address this issue (7–20). For purposes 
of this discussion, a first unprovoked seizure is defined as a 
seizure, or flurry of seizures all occurring within 24 hours, 
in a patient over one month of age with no prior history 
of unprovoked seizures (18, 32).

The reported overall recurrence risk following a 
first unprovoked seizure in children varies from 27% to 
71% (7–20). Studies that identified the children at the 
time of first seizure and carefully excluded those with 
prior seizures report recurrence risks of 27% to 44% 
(7–11, 19). Studies that recruited subjects later, either 
retrospectively or from electroencephalogram (EEG) 
laboratories, but excluded those with prior seizures, 
report slightly higher recurrence risks of 48% to 52% 
(14, 15). Lastly, studies that included children who 
already had recurrent seizures at the time of identifi-
cation report the highest recurrence risks, 61% to 71% 
(12, 13). Once methodological issues and differences in 
the distribution of risk factors among different studies 
are taken into account, the results are fairly consis-
tent (9). The majority of recurrences occur early, with 
approximately 50% of recurrences occurring within 
6 months and over 80% within 2 years of the initial 
seizure (7–20). Late recurrences are unusual.

Similar predictors of recurrent seizures were found 
in the majority of the studies despite variations in meth-
odology and in subject selection (7–20). Factors that are 
associated with a differential risk of recurrence include 
the etiology of the seizure, the electroencephalogram 
(EEG), whether the first seizure occurred in wakefulness 
or sleep, and seizure type. Factors not associated with a 
change in the recurrence risk include age of onset and 
the duration of the initial seizure. The report of a family 

history of seizures in a first-degree relative is of unclear 
significance, with conflicting results in the various stud-
ies. Risk factors for seizure recurrence from our large 
prospective study (8, 20) are shown in Table 29-1.

Selected individual risk factors are discussed in the 
following subsections.

Etiology

The recent International League Against Epilepsy 
(ILAE) guidelines for epidemiologic research (32) clas-
sify seizures as acute symptomatic, remote symptomatic, 
cryptogenic, or idiopathic. Acute symptomatic seizures 
are those associated with an acute insult such as head 
trauma or meningitis. Remote symptomatic seizures are 
those without an immediate cause but with an identifi-
able prior brain injury such as major head trauma (loss 
of consciousness greater than 30 minutes, depressed 
skull fracture, or intracranial hemorrhage), meningitis, 
encephalitis, stroke, or the presence of a static encepha-
lopathy, such as mental retardation or cerebral palsy, 
which are known to be associated with an increased risk 
of seizures. Cryptogenic seizures are those occurring 
in otherwise normal individuals with no clear etiology. 
Note that factors such as sleep deprivation are consid-
ered trigger factors but do not change the classification 
of the seizure, as they would be associated with seizures 
only in susceptible individuals. Until recently crypto-
genic seizures were also called idiopathic. In the new 
classification, the term idiopathic is reserved for seizures 
occurring in the context of the presumed genetic epi-
lepsies, such as benign rolandic and childhood absence 
epilepsy (32–34), but many papers still refer to crypto-
genic seizures as idiopathic.

TABLE 29-1
Risk Factors for Recurrence: Multivariable Analysis using Cox Proportional Hazards Model

 PROPORTIONATE   
RISK FACTOR HAZARDS MODEL RATE RATIO 95% CI P VALUE

Overall Group (N 	 407)   
Abnormal EEG 2.1 1.6, 3.0 �0.001
Remote symptomatic etiology 1.7 1.2, 2.4 0.006
Prior febrile seizures 1.6 1.1, 2.3 0.019
Todd’s paresis 1.7 1.0, 2.9 0.038
Seizure while asleep 1.5 1.1, 2.1 0.008

Cryptogenic cases (N 	 342)   
Abnormal EEG 2.5 1.7, 3.6 �0.0001
Seizure while asleep 1.7 1.2, 2.5 �0.003

Remote Symptomatic Cases (N 	 65)   
Prior febrile seizures 2.3 1.2, 4.5 �0.02
Age � 3 years 2.4 1.2, 4.9 �0.02

 Reprinted with permission from Shinnar et al, 1996 (8).
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Children with a remote symptomatic first seizure 
have higher risk of recurrence. In one large prospective 
study with mean follow-up of over 10 years years, 44 
(68%) of 65 children with a remote symptomatic first sei-
zure recurred, compared with 127 (37%) of 347 children 
with a cryptogenic/idiopathic first seizure (P � 0.001) 
(8, 19). Comparable findings are reported in other studies 
(9–11, 14, 15).

Electroencephalogram

The EEG is an important predictor of recurrence, partic-
ularly in cryptogenic cases (8–11, 14, 17). Epileptiform 
abnormalities are more important than nonepileptiform 
ones, but any EEG abnormality increases the recurrence 
risk in cryptogenic cases (8). In our study, the risk of 
seizure recurrence by 5 years for children with a cryp-
togenic first seizure was 27% for those with a normal 
EEG, 44% for those with nonepileptiform abnormali-
ties, and 62% for those with epileptiform abnormalities 
(7, 8). In our data (8, 35), any clearly abnormal EEG 
patterns, including generalized spike-and-wave, focal 
spikes, and focal or generalized slowing, increased the 
risk of recurrence, while Camfield et al (14) report that 
only epileptiform abnormalities substantially increase 
the risk of recurrence. Hauser et al (10) state that only 
generalized spike-and-wave patterns are predictive of 
recurrence, but they studied mostly adolescents and 
adults and thus would have not included many chil-
dren with centrotemporal spikes (benign rolandic epi-
lepsy), which is the most common focal spike pattern 
found in studies focusing on children with a first seizure 
(8, 31, 14). In children with a cryptogenic first seizure, 
the EEG appears to be the most important predictor of 
recurrence (8, 9). Based on these data, a recent prac-
tice parameter of the American Academy of Neurology 
recommended that an EEG be considered a standard as 
part of the diagnostic evaluation of the child with a first 
unprovoked seizure (17).

Sleep State at Time of First Seizure

Whether the initial seizure occurs while the child is awake 
or asleep is associated with a differential recurrence risk, 
particularly in cryptogenic cases (8). In our series the 
5-year recurrence risk was 53% for children whose ini-
tial seizure occurred during sleep, compared with 36% 
for those whose initial seizure occurred while awake 
(P � 0.001) (8). On multivariable analysis, etiology, the 
EEG and sleep state were the only significant predictors 
of outcome. The group of children with a cryptogenic 
first seizure occurring while awake and a normal EEG 
had a 5-year recurrence risk of only 21%. If seizures did 
recur, then they usually recurred in the same sleep state 
as the initial seizure.

Seizure Classification

Some though not all studies indicate that the risk of 
recurrence following a partial seizure is higher than that 
following a generalized seizure (9). However, partial sei-
zures are more common in children with a remote symp-
tomatic first seizure and in children with a cryptogenic 
first seizure who have an abnormal EEG (7). Once the 
effects of etiology and the EEG are controlled for, par-
tial seizures are not associated with an increased risk of 
recurrence (7, 8, 10). In the meta-analysis no clear asso-
ciation between seizure type and recurrence risk could 
be found (9).

Family History

At the present time, there is insufficient data to determine 
whether a positive family history of epilepsy is a risk 
factor for recurrence. Although one study, primarily of 
adults, found a substantially increased risk of recurrence 
in those with a positive family history of epilepsy (10), 
others have failed to find a major effect (8, 14). In our 
study, family history was important only in children with 
a cryptogenic first seizure who also had an abnormal 
EEG. This type of patient constitutes a very small fraction 
of the population (7). These mixed results suggest that 
the additional risk of a positive family history, if pres-
ent, will turn out to be small or else limited to specific 
subgroups.

Duration of First Seizure/Status Epilepticus

The duration of the first seizure does not affect the risk 
of recurrence (8–10). This is true whether one analyzes 
it as a continuous variable or separates the children into 
those who had status epilepticus and those who had a 
briefer seizure (8). Most cases of status occur as the ini-
tial seizure. In our series of 407 children, 48 (12%) had 
status epilepticus as their seizure, but only 7 (4%) of 
171 children with recurrent seizures recurred with status. 
Although the occurrence of status epilepticus as the first 
seizure did not alter recurrence risks, a recurrence was 
more likely to be prolonged. Five (21%) of 24 children 
with recurrent seizures whose initial seizure was status 
had an episode of status as their second seizure, com-
pared with 2 (1%) of 147 children with recurrent seizures 
whose first seizure was brief (P � 0.001). None of these 
experienced any sequela (8). Remission rates were not 
different in those who presented with an episode of status 
epilepticus (36).

Age at First Seizure

The majority of studies, in both children and adults, have 
not found age at first seizure to alter the risk of recurrence 
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(7–11, 14–16). This was true whether age was analyzed 
as a continuous variable or broken up into several age 
ranges. The only exception to this is the National Collab-
orative Perinatal Project, which found an increased risk 
of recurrence in children under age 2 with focal motor 
seizures (13). At the present time, the preponderance of 
available data is that the age at time of first seizure does 
not affect the risk of recurrence following a first unpro-
voked seizure.

Treatment Following a First Seizure

In observational studies such as those just discussed, 
whether children were treated or not after their first sei-
zure did not alter the recurrence risk (8, 10). However, 
these were not randomized treatment trials. The physi-
cians presumably treated those children they thought to 
have a high risk of recurrence. Following an initial sei-
zure, patients are often started on a small dose of medica-
tion, and compliance may be lax. Randomized clinical 
trials comparing AED therapy with placebo following 
a first unprovoked seizure in children and adults have 
found that AED therapy can reduce the risk of a second 
seizure by half (16, 37). However, with longer follow-up, 
there was no difference between the two groups in terms 
of the probability of achieving remission (6, 38). Based 
on a review of the evidence, the American Academy of 
Neurology practice parameter on the treatment of the 
child with a first unprovoked seizure concluded that treat-
ment does not prevent the development of chronic epilepsy 
or alter long-term outcome and should be reserved for 
those cases where the risks of a second seizure outweigh 
the morbidity of AED therapy (18).

Conclusions

Knowing these predictors and the recurrence risks, the 
child with a first unprovoked seizure presents an inter-
esting dilemma. The likelihood that it will be an isolated 
event that will not repeat itself must be weighed against 
whether it is the first of many attacks. A thorough evalu-
ation of the patient, including a detailed history and 
appropriate laboratory studies such as an electroen-
cephalogram (EEG), is indicated regardless of whether 
AED therapy is started or not (17). Factors such as the 
seizure type, family history of seizures, and the possible 
etiology of the seizure must be ascertained. Of particular 
importance is a careful history of prior events that may 
be seizures. Many children who first come to medical 
attention as a result of a convulsive episode are found 
to have had prior nonconvulsive episodes of absence 
or complex partial seizures that were not recognized as 
such by the family (8, 17). These children clearly fall 
into the category of newly diagnosed epilepsy and not 
first seizure.

The majority of children with a first unprovoked 
seizure do not have additional unprovoked seizures. Chil-
dren with a cryptogenic first seizure and a normal EEG 
have a particularly favorable prognosis. There are small 
subgroups of children with multiple risk factors who do 
have a high risk of recurrence. However, although AED 
therapy will reduce the likelihood of further seizures, 
there is no evidence that it alters the long-term prognosis 
(18). In particular, the data from randomized clinical tri-
als and large epidemiologic studies indicate that delaying 
therapy will neither alter the response rate to AEDs nor 
adversely affect the probability of attaining remission 
(3, 5, 6, 18, 23, 38). Finally, recent data suggest that 
children who present with a first unprovoked seizure are 
very unlikely to develop medically refractory epilepsy 
even if seizures do recur (19, 20). The decision to treat 
or not after a first seizure must be based on the relative 
risks and benefits of therapy compared with the risks of 
further seizures. This risk benefit assessment is discussed 
at the end of this chapter. The authors rarely treat children 
with a first unprovoked seizure.

WITHDRAWING AEDS IN CHILDREN WITH 
EPILEPSY WHO HAVE BEEN SEIZURE FREE 

FOR 2 OR MORE YEARS

The available data indicate that children who are seizure 
free on medication for 2 or more years have a very high 
likelihood of remaining in remission on medication (39). 
In selected populations, withdrawal may be feasible after 
an even shorter seizure-free interval (39–42). How long 
should a child be maintained on medication before the 
attempt is made to withdraw it? This decision will be 
influenced by a variety of factors, including the prob-
ability of remaining seizure free after withdrawal in a 
given patient, the potential risk of injury from a seizure 
recurrence, and the potential adverse effects of continued 
AED therapy.

The majority of children who are seizure free on 
medications for at least 2 years will remain seizure free 
when medications are withdrawn. A large number of 
well-designed studies involving over 700 children have 
been done over the past 20 years (39, 43–54). The overall 
results have been very similar. Between 60% and 75% 
of children with epilepsy who have been seizure free for 
more than 2 (39, 43, 44, 49–53) or 4 (44–48) years on 
medications remain seizure free when antiepileptic medi-
cation is withdrawn. Furthermore, the majority of recur-
rences occur shortly after medication withdrawal, with 
almost half the relapses occurring within 6 months of 
medication withdrawal and 60% to 80% within 1 year 
(39, 53, 54). These studies are supported by a follow-up 
of patients for 15 to 23 years after medication withdrawal 
(47, 55). Although late recurrences do occur, they are rare 



40729 • TREATMENT DECISIONS IN CHILDHOOD SEIZURES

(47, 53, 55). In a recent randomized study, the increased 
risk of relapse following AED withdrawal occurred only 
in the first 2 years after AED withdrawal. The rate of late 
recurrences was the same in those who remained on AED 
therapy and those whose AEDs were discontinued (48).

The important question is, Can one identify risk 
factors such as etiology, age of onset, type of seizure, 
EEG features, or the specific epilepsy syndrome, that 
will enable one to identify subgroups of children with 
an even better prognosis and subgroups with a much 
less favorable prognosis for maintaining seizure remis-
sion off medication? There is much less consensus in this 
area. A discussion of the potential risk factors that have 
been looked at and their possible significance is presented 
next.

Etiology and Neurologic Status

In general, children with epilepsy associated with a prior 
neurologic insult have a smaller chance of becoming sei-
zure free in the first place than do children with cryp-
togenic epilepsy (21, 22, 24). In children with remote 
symptomatic epilepsy who are seizure free on medica-
tion, most studies indicate a higher risk of recurrence 
following discontinuation of medication than in chil-
dren with cryptogenic epilepsy (44–47, 49, 50, 53). In a 
recent meta-analysis of this literature, the relative risk of 
relapse in those with remote symptomatic seizures was 
1.55 (95% CI 1.21–1.98) (54). However, almost half of 
these children will remain seizure free after withdrawal 
of medication (45, 53, 54). Furthermore, even within this 
group one can identify subgroups with favorable and 
unfavorable risk factors (53).

Age of Onset and Age at Withdrawal

Age of onset above 12 years is associated with a higher risk 
of relapse following discontinuation of medications (39, 
42, 45, 49–51, 53, 54). In our data this was the single most 
important risk factor for recurrence (relative risk 4.24, 
95% CI 2.54–7.08). A meta-analysis (54) also found 
adolescent-onset seizures to be associated with a higher 
risk of recurrence than childhood-onset (relative risk 
1.79, 95% CI 1.46–2.19). There is some controversy as to 
whether a very young age of onset (under 2 years) may be 
a poor prognostic factor (45). In our data, a young age of 
onset was associated with a less favorable prognosis only 
in those with remote symptomatic seizures and was asso-
ciated with more severe neurologic abnormalities (53). As 
most childhood epilepsy is readily controlled with AED 
therapy, the age at withdrawal of AEDs will be highly 
correlated with age of onset. However, the age at AED 
withdrawal does not appear to be important once age of 
onset is taken into account. In particular, there is no evi-
dence that discontinuation of AEDs during the pubertal 

period is associated with a higher risk of recurrence (39, 
43, 44, 53).

Duration of Epilepsy and Number of Seizures

These two variables are closely interrelated. A long 
duration of epilepsy may increase the risk of recurrence, 
though the magnitude of the effect is small (39, 42, 46, 47). 
One study also reported that having more than 30 gen-
eralized tonic-clonic seizures was associated with a high 
risk of recurrence after discontinuation of therapy (45). In 
a community-based practice, most children will be easily 
controlled within a short time after therapy is initiated, 
so these factors will rarely be important.

Seizure Type

Studies on the effect of seizure type on the risk of recur-
rence after medication withdrawal in children have pro-
duced inconsistent results. Children with multiple sei-
zure types have a poorer prognosis (46, 47). The data 
regarding partial seizures are conflicting (39, 43–54). At 
this time it is not clear that any specific seizure type is 
associated with an increased risk of recurrence following 
discontinuation of medication.

EEG

In several studies (39, 40, 43–45, 53, 54), the EEG prior 
to discontinuation of medication was one of the most 
important predictors of relapse in children with crypto-
genic epilepsy. However, the specific EEG abnormalities 
of significance varied across studies. Two other studies 
found no correlation between the EEG and outcome 
(46, 50). A meta-analysis found that an abnormal EEG 
prior to AED withdrawal was associated with a relative 
risk of relapse of 1.45 (95% CI 1.18–1.79) (54). The 
preponderance of evidence indicates that an abnormal 
EEG is associated with an increased recurrence risk in 
children with cryptogenic/idiopathic epilepsy.

The EEG obtained at the time of initial diagnostic 
evaluation may also have predictive value. Certain char-
acteristic EEG patterns associated with specific epileptic 
syndromes, such as benign rolandic epilepsy or juve-
nile myoclonic epilepsy, provide additional prognostic 
information (24, 33, 34, 53). Changes in the EEG over 
time may also have prognostic value (40, 43).

Epilepsy Syndrome

Epilepsy syndromes are known to be associated with a 
differential prognosis for remission (24, 33, 34). Regret-
tably, there is little information on the effect of the specific 
epilepsy syndrome on the risk of relapse following AED 
withdrawal. The majority of studies of AED withdrawal 
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have not provided information by epilepsy syndrome. 
The results from our data (53) are shown in Table 29-2. 
Overall, patients with both idiopathic and cryptogenic 
epilepsy syndromes have similar prognosis. However, 
specific syndromes are associated with a differential risk 
of relapse. Patients with benign rolandic epilepsy have a 
particularly favorable prognosis, even if their EEGs are 
still abnormal, whereas all 4 of our patients with juvenile 
myoclonic epilepsy relapsed. Clearly, future studies will 
need to focus more on the role of the specific epilepsy 
syndrome in guiding therapy both in terms of initiating 
and discontinuing therapy and in the selection of appro-
priate treatment.

Type of Medication

The majority of studies have not found that the specific 
AED used affects recurrence rates. One well designed 
randomized study in adults (52) suggests that the risk of 
recurrence may be higher in those treated with valproate 
than in those treated with other medications. The signifi-
cance of this finding remains unclear. It may be related to 
the ability of valproate to normalize generalized spike-
wave abnormalities, thus making the subject appear to 
be at lower risk than is actually the case. At the present 
time, there is insufficient evidence to justify basing the 
decision to continue or withdraw AEDs on the type of 
AED the patient is taking.

The serum drug level does not seem to have a great 
impact on recurrence risk. Children who have not had 

seizures for several years often have “subtherapeutic” 
levels, and few have toxic levels. Available studies show 
little or no correlation between drug level prior to dis-
continuation and seizure recurrence and outcome (43), 
or a very modest effect (45).

Duration of Seizure-Free Interval

The chances of remaining seizure free after medication 
withdrawal is similar whether a 2-year (39, 43, 44, 49–53) 
or 4-year (39, 44–48) seizure-free interval is used. One 
study that evaluated seizure-free intervals of one or 
more years did find that a longer seizure-free period was 
associated with a slightly lower recurrence risk (44). Note 
that among children who are 2 years seizure free but remain 
on medication, approximately 3% to 5% will experience 
another seizure in the third or fourth year of treatment 
(21). More recent studies that have utilized a seizure-free 
interval of 1 year or less have reported higher recurrence 
risks (39–42). The risk of relapse after a one-year remission 
compared with a longer seizure–free interval is also higher 
in patients who continue on AEDs (21).

Remission Following Relapse

The majority of patients who relapse after medica-
tion withdrawal will reattain remission after AEDs 
are restarted though not necessarily immediately (39, 
55–57). The prognosis for long-term remission appears 
to be primarily a function of the underlying epilepsy 

TABLE 29-2
Epileptic Syndromes in Cohort of Children Being Withdrawn from Antiepileptic Drug Therapy After a 

Seizure-Free Interval: Cryptogenic and Idiopathic Cases

EPILEPTIC SYNDROME N RECURRED (%) P VALUE

Idiopathic epilepsy syndromes  79 22 (28%) 

Primary generalized epilepsy  61 21 (34%)  
 Childhood absence 26 5 (19%) 
 Juvenile absence 9 3 (33%) 
 Juvenile myoclonic epilepsy 4 4 (100%) 0.006
 Other primary generalized 22 9 (41%) 

Idiopathic partial epilepsy  18 1 (4%) 
 Benign rolandic epilepsy 14 0 (0%) �0.001
 Benign occipital epilepsy 4 1 (25%)  

Cryptogenic epilepsy syndromes  86 26 (30%) 
 Cryptogenic partial epilepsy 50 16 (32%) 
 Temporal lobe epilepsy 7 3 (43%) 
 Other partial epilepsy 43 13 (30%) 
 Unclassified cryptogenic epilepsy 36 10 (28%) 

Total cryptogenic/idiopathic cases  165 48 (29%) 

Adapted from Shinnar et al, 1994 (53).
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syndrome. A recent randomized study of medication 
withdrawal found that the prognosis for seizure con-
trol after recurrence in patients with previously well-
controlled seizures was no different in those who were 
withdrawn from AED therapy and relapsed and those 
who relapsed while remaining on AED therapy (56).

RISKS OF NOT TREATING OR OF 
DISCONTINUING AEDS

Seizure recurrence is the major risk associated with 
not treating the child with a single seizure or of dis-
continuing antiepileptic drug therapy. Although a 
seizure is a dramatic and frightening event, the main 
impact of a brief seizure is psychosocial. There is no 
convincing evidence that a brief seizure causes brain 
damage (3, 6, 58). Serious injury from a brief seizure 
is a rare event usually related to loss of consciousness 
and the resultant fall (57). In general, the physical and 
emotional consequences of a seizure in a child, who 
is usually in a supervised environment and is not yet 
driving, are less serious than in the adult, who faces 
loss of driving privileges and possible adverse effects 
on his employment (7, 53, 58–60).

In the past there was concern that delaying treat-
ment would result in a worse long-term prognosis (2, 4). 
This was based on Gowers’s statement that “The ten-
dency of the disease is toward self-perpetuation; each 
attack facilitates the occurrence of the next by increas-
ing the instability of the nerve elements” (1). Proponents 
of this view, most notably Reynolds, have argued that 
treatment after the first seizure is necessary to prevent 
the development of “chronic” epilepsy (4, 12). Similar 
concerns have been raised about early discontinuation of 
AED therapy. Current epidemiologic data and data from 
controlled clinical trials, some of which have already been 
discussed in this chapter, indicate that this is not the case 
(3, 5, 6, 18, 23, 38, 61). Prognosis is primarily a function 
of the underlying epilepsy syndrome, and although treat-
ment with AEDs does reduce the risk of subsequent sei-
zures, it does not alter the long-term prognosis (18, 38). 
Several comprehensive reviews of this issue, which is 
fundamental to one’s approach to treating seizures but 
is outside the scope of this chapter, have been recently 
published (3, 6, 18).

In children, even status epilepticus, defined as a sei-
zure or a series of seizures lasting more than 30 minutes 
without the patient’s regaining consciousness between sei-
zures (25–28, 32), is rarely associated with brain damage 
attributable to the status per se (25–28). In mature ani-
mals, generalized convulsive status epilepticus produces 
biochemical and neuropathologic changes (28). However, 
although immature animals are more susceptible to the 
development of status with relatively mild insults than are 
adult ones, they are much less likely to experience brain 

damage as a result of prolonged seizures (28). Adult rats 
that had experienced status epilepticus as infants do not 
show a lower seizure threshold or an increased suscepti-
bility to seizures induced by kindling compared with rats 
who did not experience seizures as pups (62).

Education is key to empowering the parents and 
child regardless of which therapeutic option is chosen. 
Parents need to be reassured that the child will not die 
during a seizure and that keeping the child safe during the 
seizure is generally the only action that needs to be taken. 
Parents will need to be told that most of the child’s activi-
ties can be continued, although some may need closer 
supervision by an adult. Specific instructions regarding 
supervision of activities, such as swimming, should be 
given to the parents. Counseling of this nature often allays 
the parents’ fear and educates them on safety precautions 
for the child, thereby reducing the chance for injury from 
seizures whether or not the child is treated. Educational 
programs are available for school personnel—teachers, 
nurses, and students—and information for babysitters is 
also readily available.

The amount of information and the level of content 
depends in large part on the medical sophistication of 
the parents and their ability to attend to the information 
given them at that particular time. The parents’ percep-
tion of their child’s disorder will be an important factor 
in their later coping and will ultimately impact on their 
perception of quality of life. The practitioner’s prejudices 
regarding treatment options will undoubtedly come into 
play during these discussions, but the different options 
need to be discussed.

Parents will usually be interested in information that 
will help them manage the illness or specific problems; 
lengthy explanations are usually not helpful. It is also 
important to remember, when giving information to the 
parents about prognosis, to provide information about 
how to manage further seizures should they occur. This 
includes what should be done during a seizure, when it 
may be necessary to call the physician, and when the child 
should be taken to the emergency department. Depend-
ing on the age of the child, education is needed for the 
patient. Children may have fear of accidents, fear of the 
loss of friends, fear of taking “drugs,” and other less 
well-defined fear and apprehension. The practitioner will 
need to address these issues with the patient and parents 
for a comprehensive approach to treatment.

RISKS OF INITIATING OR CONTINUING 
TREATMENT WITH AEDS

Antiepileptic drugs are potent medications whose use is 
associated with a variety of significant side effects (18, 
29–31), which are discussed in detail elsewhere in this 
volume. The adverse effects of the medications must be 



410 IV • GENERAL PRINCIPLES OF THERAPY

balanced against the risk of further seizures. The potential 
adverse effects of AED therapy and of having a seizure are 
summarized in Table 29-3. Physicians are familiar with 
idiosyncratic drug effects as well as the acute toxicities 
of the drugs. However, subtle behavioral and cognitive 
effects are often not recognized in children with epilepsy 
(30), particularly when they have been on medications since 
their preschool years. Only when medications are stopped 
does it become apparent that the child’s performance was 
impaired by the drug. For teenage girls, a discussion of the 
risks of treatment must include consideration of the potential 
teratogenicity of these compounds (59, 63, 64). A detailed 
discussion of this problem will be found elsewhere in this 
text (Chapter 36). As the major teratogenic effects take place 
in early gestation, and a large number of pregnancies in this 
group are unplanned, the physician must always consider 
this issue in advance. For this reason, the author is par-
ticularly aggressive in trying to withdraw medications from 
adolescent females who have been seizure free for 2 years, 
even if their other risk factors are not favorable.

A hidden side effect of continued AED treatment is 
that of being labeled. The person with a single seizure or 
childhood epilepsy who has not had a seizure in many years 
and is off medications is considered by himself and society 
to have outgrown his epilepsy. That individual can lead a 
normal life with very few restrictions. In contrast, remain-
ing on chronic medication implies ongoing illness to both 
the patient and those around him. Continued use of medica-
tion requires ongoing medical care to prescribe and  monitor 

the medication. It also implies certain restrictions in  driving 
licensure and may have a adverse impact on obtaining 
employment. In addition to the problems associated with 
having epilepsy, the perception of any chronic illness will 
adversely affect the normal psychosocial maturation pro-
cess, particularly in adolescents (65).

A THERAPEUTIC APPROACH

Given the consequences of long-term drug therapy, it 
is recommended that an attempt be made to withdraw 
medications at least once in most children and adoles-
cents with epilepsy who are seizure free regardless of 
risk factors. In general, avoid starting medications in 
the children with only one seizure, and aggressively pur-
sue withdrawal of medications in children who are seizure 
free for 2 or more years. We rarely treat children with a 
first seizure even if they have risk factors for recurrence. 
In many cases, treatment may not be necessary even in 
children with more than one seizure if the seizures are 
brief and infrequent and the child’s underlying syndrome 
has a favorable prognosis.

Whatever the decision, it should be made jointly by 
the medical providers and the family after careful discus-
sion, including not only an assessment of the risks and 
benefits of treatment, but also a review of measures to 
be taken in the event of a recurrence. Patient and family 
education is a key factor whether one decides to treat with 

TABLE 29-3
Potential Adverse Consequences of Antiepileptic Drug Therapy 

and of Seizures

ANTIEPILEPTIC DRUG THERAPY  SEIZURES

Systemic toxicity  Physical injury
  Idiosyncratic    Loss of consciousness
  Dose Related    Injury from falls
  Chronic toxicity    Drowning

Teratogenicity  Status epilepticus
  Higher cortical functions
  Cognitive impairment
  Adverse effects on behavior

Psychosocial  Psychosocial
  Need for daily medication   Restrictions on activity
  Labeling as chronic illness           Physical
  Adverse effect on            Social
   psychosocial development   Social stigma of seizure
    Fear of further seizures

Economic/temporal
  Cost of medications
  Cost/time of physician visits
  Cost/time of laboratory tests
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AEDs or not, because both seizures and AEDs are associ-
ated with some risks. Even children with good prognostic 
factors may experience another recurrence. Conversely, 
children with poor risk factors may nevertheless maintain 
remission off medications. It is far easier to take these 
risks while the patient is still in the supervised environ-
ment of the home and school. Education assists the family 
in making an informed decision, helps them to participate 
fully in the plan of care, and prepares them to deal with 
psychosocial consequences of the diagnosis. Informed 
decision making by the physician in consultation with 
the family will maximize the chances of good long-term 
outcomes in these children.

The approach presented in this chapter emphasizes 
that both seizures and the therapies available carry some 
risk and that optimal patient care requires careful balanc-
ing of these risks and benefits. Although this approach is 
presented here in the context of whether or not to treat 

at all, it is also useful in deciding whether or not to add a 
second drug or to try experimental drugs in a child whose 
seizures are not fully controlled on the current therapeutic 
regimen, whether to consider epilepsy surgery for a child 
who is medically refractory, or to offer the ketogenic diet 
as a possible treatment modality. As more information 
and newer therapies become available, the risk/benefit 
ratios may well change. In order to provide the best care 
available, the physician needs both to be aware of the 
available options and to individualize them to the needs 
of the specific patient.
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Comparative Anticonvulsant 
Profile and Proposed 
Mechanisms of Action of 
Antiepileptic Drugs

or the vast majority of people who 
develop epilepsy, initial therapy 
consists of pharmacologic treat-
ment with one or more of the estab-

lished anticonvulsant drugs. These medications include 
phenytoin (PHT), carbamazepine (CBZ), valproate 
(VPA), barbiturates such as phenobarbital (PB), certain 
benzodiazepines (BZDs), and ethosuximide (ESM). For 
some patients, complete seizure control with this group 
of “established” antiepileptic drugs (AEDs) may not ever 
be achieved at doses that are devoid of various types and 
severities of AED-related adverse effects.

The 1990s were marked by a number of advances in 
AED development. Since 1993, several novel AEDs have 
been commercialized in one or more countries, and sev-
eral more are in the process of evaluation for worldwide 
registration. This has been an exciting era for practitio-
ners and their patients who suffer from intractable sei-
zure disorders. For the physician, the new AEDs provide 
novel therapeutic options for the management of their 
patients. For the patient with intractable epilepsy, the 
newer drugs provide renewed hope for complete seizure 
control and lessening of their AED-associated side-effect 
profile. This chapter will review the preclinical animal 
models that led to the initial identification of the “second-
generation” AEDs felbamate (FBM), lamotrigine (LTG), 
gabapentin (GBP), topiramate (TPM), tiagabine (TGB), 

H. Steve White
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vigabatrin (VGB), oxcarbazepine (OCBZ), zonisamide 
(ZNS), levetiracetam (LEV), and pregabalin (PGB), and 
the proposed molecular mechanisms of action of the new 
and the established AEDs.

AED DISCOVERY, TESTING, AND
PROPOSED MECHANISMS OF ACTION

The process by which new AEDs are discovered has 
evolved in the seven decades since phenytoin was identi-
fied by Putnam and Merritt (1). The strategies employed in 
the search for new AEDs are varied but, for the most part, 
have been based largely on three different approaches: 
(1) random drug screening and efficacy-based AED dis-
covery; (2) rational drug design, wherein structural modi-
fications of an active pharmacophore are synthesized and 
tested; and (3) mechanistic-based AED development. All 
three approaches have led to the successful identification 
of clinically effective drugs. Unfortunately, even with the 
introduction of 10 new AEDs since 1993, there continues 
to be a significant need for more efficacious and less toxic 
AEDs. Regardless of the process by which a chemical 
entity is brought forth from the medicinal chemistry labo-
ratory, it must first demonstrate some degree of efficacy 
in an animal model prior to becoming a candidate for 
clinical trials.

F

30
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In-Vivo Testing

No single laboratory test will, in itself, establish the pres-
ence or absence of anticonvulsant activity or fully pre-
dict the clinical utility of an investigational antiepileptic 
drug. Thus, the true test of a drug’s efficacy must always 
await the results of clinical trials. There are many avail-
able animal seizure models that have been described over 
the years that possess appropriate properties to qualify as 
predictive seizure models. Historically, the maximal elec-
troshock (MES) test, the subcutaneous pentylenetetrazol 
(sc PTZ) test, and the electrical kindling model represent 
the three in-vivo systems that have been most commonly 
employed in the search for new AEDs (2). Today, newer 
in-vivo models are being introduced that incorporate 
known genetic defects that more closely resemble the 
human condition. In addition, the 6-Hz psychomotor 
seizure model has recently proven useful in identifying 
compounds that are effective against partial seizures. In 
particular, LEV, which is inactive in the MES and sc PTZ 
models (discussed subsequently), was found to be quite 
effective against seizures induced following corneal stimu-
lation at 6Hz (3).

To gain a full appreciation for a new AED’s overall 
spectrum of activity (narrow or broad), all investigational 
AEDs should be screened in a variety of different seizure 
and epilepsy models.

Correlation of Animal Anticonvulsant 
Profile and Clinical Utility

The MES test and the kindling model represent two 
highly predictive models that are useful in the char-
acterization of a drug’s potential utility against 
generalized tonic-clonic and partial seizures, respectively 
(4–7) (Table 30-1). For some years, positive results 
obtained in the sc PTZ test were considered suggestive 
of a drug’s potential utility against generalized absence 
seizures. This interpretation was based largely on the 
observation that drugs that were active in the clinic 
(i.e., ETS, trimethadione, VPA, the BZDs) were able 
to block clonic seizures induced by sc PTZ, whereas 
drugs such as PHT and CBZ were ineffective against 
sc PTZ seizures in animals and spike-wave seizures in 
humans. However, as summarized in Table 30-1, the 
PTZ test would also suggest that the barbiturates and 
TGB should also possess efficacy against generalized 
absence. For the barbiturates (and possibly TGB), this is 
in direct opposition to what has been reported clinically. 
For example, phenobarbital worsens human spike-wave 
discharges (8). On the other hand, PB is useful for the 
management of myoclonic seizures. In this respect, the 
sc PTZ test as conducted by most laboratories may have 
greater utility in the identification of drugs with activity 
against myoclonic seizures (4).

TABLE 30-1
Correlation Between Clinical Utility and Efficacy in Experimental Animal Models of the Established and 

Newer AEDs

 EXPERIMENTAL MODEL

    ELECTRICAL

 MES SC PTZ SPIKE-WAVE KINDLING

SEIZURE TYPE (TONIC EXTENSION) (CLONIC SEIZURES) DISCHARGESa (FOCAL SEIZURES)

Tonic and/or clonic  CBZ, PHT, VPA, PB
 generalized seizures [FBM, GBP, LTG, 
 OCBZ, TPM, ZNS]b   

Myoclonic/generalized   ESM, VPA, PBc, BZD  
 absence seizures  [FBM, GBP, TGB]  

Generalized absence 
 seizures   ESM, VPA, BZD 
   [LTG, TPM, LEV] 

Partial seizures    CBZ, PHT, VPA, 
    PB, BZD
    [FBM, GBP, LTG, 
    OCBZ, TPM, TGB, 
    VGB, ZNS, LEV, PGB]

aData summarized from GBL, GAERS, and lh/lh spike-wave models (4–7).
bBrackets [ ] indicate newer AEDs.
cPB blocks clonic seizures induced by sc PTZ but is inactive against generalized absence seizures.
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In recent years, three other animal models have 
emerged that are, to date, perhaps more predictive than 
the sc PTZ for generalized absence seizures. These include 
spike-wave seizures induced by the chemoconvulsant 
gamma-butyrolactone (5), the genetic absence epileptic 
rat of Strasbourg (GAERS) (6), and the lethargic (lh/lh)
mutant mouse (7, 9). Of these three, the lh/lh mouse 
displays spontaneous spike-wave discharges that are 
blocked by drugs that have been found clinically effec-
tive in reducing spike-wave activity (e.g., the BZDs, ETS, 
VPA, and LTG). Furthermore, all three models accurately 
predict the potentiation of spike-wave seizures by drugs 
that elevate gamma-aminobutyric acid (GABA) concen-
trations (e.g., VGB and TGB), drugs that directly acti-
vate the GABAB receptor, and the barbiturates. Given 
this, any drug being evaluated for potential use against 
absence seizures should be evaluated in one or more of 
these three models.

The remainder of this chapter will focus primarily 
on a description of the anticonvulsant profile and com-
parative mechanisms of action between the established 
(pre-1993) and second-generation (post-1993) AEDs. 

Where possible, the reader is referred to more compre-
hensive reviews and primary citations supporting the 
proposed mechanisms of action that are addressed.

Mechanism of Action: General Considerations

The mechanisms of action of currently marketed anti-
convulsant drugs are not fully understood. Ultimately, 
there are numerous molecular mechanisms through which 
drugs can alter neuronal excitability and thereby limit or 
control seizure activity. However, three primary mecha-
nisms appear to be targeted by most of the established 
anticonvulsants (10). Thus, as summarized in Table 30-2, 
drugs that block sustained high-frequency firing through 
an effect on voltage-sensitive sodium channels can disrupt 
burst firing; drugs that enhance GABA-mediated neu-
rotransmission can elevate seizure threshold; and drugs 
that reduce voltage-dependent low-threshold (T-type) cal-
cium currents in thalamocortical neurons can interrupt the 
thalamic oscillatory firing patterns associated with absence 
seizures. Likewise, drugs that reduce glutamatergic-mediated 
excitation can be expected to reduce burst firing elicited 

TABLE 30-2
Comparative Mechanistic Profile Between the Established and New AEDs

 PROPOSED MOLECULAR MECHANISM OF ACTION

  LIMIT   ENHANCE GABA- REDUCE GLUTAMATE- BIND TO SYNAPTIC

  SRFA/NA�  REDUCE MEDIATED MEDIATED VESICLE PROTEIN

AED CHANNEL BLOCK VSCC NEUROTRANSMISSION EXCITATION SV2A

1st Generation     
 Phenytoin �    
 CBZ �    
 VPA � �(?)     �(?)
 BZDs   �
 PB   �
 ESM  �   
2nd Generation     
 FBM � � � �
 GBP  �b �c �d

 LTG � �   
 OCBZ � �   
 TPM � � � �
 ZNS � � �
 VGB    �e

 TGB    �f

 PGB  �c   
 LEV     �g

aSustained repetitive firing
bMechanism not clearly established; binds to unique site; requires prolonged exposure
cBinds to the alpha2delta auxiliary subunit of voltage-sensitive Ca2� channels
dIncreases brain GABA levels in brains of epileptic patients
eInhibits GABA metabolism via GABA-T
fBlocks neuronal and glial uptake of synaptically released GABA
gBinds to the SV2A protein on vesicles, mechanism of action not clearly established
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by synaptic stimulation. Although not a target of stan-
dard AEDs, this mechanism does appear to be targeted 
by some of the new AEDs, including FBM and TPM and 
the investigational AED remacemide. It should be noted 
that many of the older established and newer AEDs have 
been observed to exert a number of different pharmaco-
logic actions that could account for their anticonvulsant 
action. In those cases where multiple actions have been 
defined, it is highly likely that the separate mechanisms 
offer some degree of synergy.

As shown in Table 30-3, inhibition of voltage-
sensitive Na� and Ca2� channels, augmentation of 
GABA-mediated inhibition, and inhibition of glutamate-
mediated excitatory neurotransmission can produce both 
synaptic and nonsynaptic effects that, when translated 
to an in-vivo effect, are likely to contribute to a drug’s 
anticonvulsant action. Unfortunately, the ability of an 
AED to modulate the function of any one of these neu-
ronal processes can have profound consequences on the 
abnormal firing of epileptic neurons but also on normal 
neuronal communication. As a result, the same action(s) 
that decrease seizure frequency are likely to contribute to 

a drug’s central nervous system (CNS)-related side effect 
profile. This having been said, some of the drugs dis-
play certain properties that lead to a greater separation 
between therapeutic and toxic effects. For example, it is 
widely accepted that to be a therapeutically useful Na�

channel blocker, a drug should possess both voltage- and
frequency- dependent actions. These properties confer 
a certain level of selectivity toward those epileptic neu-
rons that display a paroxysmal depolarization shift and 
high-frequency sustained repetitive firing (i.e., epileptic 
neurons within a seizure focus). Thus, at therapeutic 
concentrations voltage- and use-dependent Na� channel 
blockers would be less likely to affect normal neuronal 
function than a Na� channel blocker that does not display 
these properties. It is necessary to reconcile this theory 
with the cognitive impairment that has come to be asso-
ciated with the voltage- and use-dependent Na� chan-
nel blockers phenytoin and carbamazepine. This can be 
done in part by acknowledging the fact that these drugs 
can, at higher concentrations, attenuate Na� currents at 
resting membrane potentials and thereby modify nor-
mal neuronal communication. Furthermore, inhibiting 

TABLE 30-3
Functional Consequences of Proposed Mechanism of Action of Established and Newer AEDs

MOLECULAR MECHANISM

OF ACTION AED CONSEQUENCES OF ACTION

Na� channel blockers PHT, CBZ, LTG, FBM, (1) Block action potential propagation
  OCBZ, TPM, VPA (2) Stabilize neuronal membranes
  (3) Decrease neurotransmitter release
  (4) Decrease focal firing
  (5) Decrease seizure spread

Ca2� channel blockers ESM, VPA, GBP,  (1) Decrease neurotransmitter release (N & P types)
  LTG, PGB (2) Decrease slow-depolarization (T-type)
  (3) Decrease spike-wave discharges

GABAA receptor allosteric  BZDs, PB, FBM, TPM (1) Increase membrane hyperpolarization
 modulators  (2) Elevate seizure threshold
  (3) Attenuate (BZDs) spike-wave discharges
  (4) Aggravate (barbiturates) spike-wave discharges
  (5) Decrease focal firing

GABA uptake inhibitors,  TGB, VGB (1) Increase synaptic GABA levels
 GABA transaminase  (2) Increase membrane hyperpolarization
 inhibitors  (3) Decrease focal firing
  (4) Aggravate spike-wave discharges

NMDA receptor antagonists FBM (1) Decrease slow excitatory neurotransmission
  (2) Decrease excitatory amino acid neurotoxicity
  (3) Delay epileptogenesis

AMPA/kainate receptor PB, TPM (1) Decrease fast excitatory neurotransmission
 antagonists  (2) Attenuate focal firing

Binds to synaptic vesicle  LEV (1) Currently unknown
 protein, SV2A
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neuronal voltage-sensitive Na� channels can produce 
a subsequent inhibition of depolarization-dependent 
neurotransmitter release. Given the critical role that the 
excitatory neurotransmitter glutamate plays in fast excit-
atory neurotransmission, slight modification of glutamate 
release in the absence of abnormal neuronal firing may 
contribute to the cognitive impairment observed in some 
patients taking these drugs. In this case, drugs that display 
greater voltage and use dependence would necessarily 
offer certain potential advantages over less selective Na�

channel blockers.

Correlation Between Anticonvulsant Profile 
and Mechanism of Action

A question that is commonly asked is whether a drug’s 
anticonvulsant profile suggests anything about its 
potential mechanism of action. The short answer to 
this question is, probably not. However, certain trends 
have been emerging over the years that are worthy of 
mention. First of all, activity against MES-induced tonic 
extension has been suggested to identify drugs that are 
effective in preventing seizure spread; whereas activity 
against PTZ-induced clonic seizures is suggestive of a 
drug’s ability to elevate seizure threshold (11). Another 
common theme among drugs that prevent MES-induced 
seizures is that a large fraction of the marketed AEDs have 
been demonstrated to inhibit sustained repetitive firing 
of neurons through an action at the voltage-sensitive Na�

channel (12). In addition to the Na� channel blockers, two 
other classes of drugs that are very effective against MES-
induced seizures are the N-methyl-D-aspartate (NMDA) 
and non-NMDA glutamate receptor antagonists. For the 
NMDA antagonists, this would include both competitive 
(e.g., CPP, CPPene, and CGS 19755) and noncompetitive 
(e.g., MK801) antagonists, glycine-site antagonists (e.g., 
ACEA 1021 and felbamate), and polyamine-site antago-
nists such as eliprodil and ifenprodil. Drugs active at the 
non-NMDA receptor and also effective against MES-
induced tonic extension include topiramate and the non-
competitive antagonist NBQX.

Interestingly enough, Na� channel blockers and 
nonselective NMDA and non-NMDA antagonists are for 
the most part inactive against clonic seizures induced by 
PTZ. Conversely, drugs that enhance GABA-mediated 
inhibition (e.g., allosteric modulators, uptake inhibitors, 
and GABA transaminase inhibitors) are active against 
PTZ-induced clonus and inactive against MES-induced 
seizures at nontoxic doses. Likewise, drugs that selectively 
block T-type voltage-sensitive Ca2� channels (e.g., ESM 
and trimethadione) are active against PTZ-induced clonus 
but not MES-induced tonic extension.

Whereas the MES and sc PTZ tests may identify a 
certain mechanistic class of AEDs, the kindled rat model 
appears to be less discriminating. For example, in the 

kindled rat, Na� channel blockers, GABAA receptor mod-
ulators, Ca2� channel modulators (GBP and PGB), non-
NMDA glutamate receptor antagonists (e.g., NBQX), 
and modulators of synaptic vesicle protein 2A (LEV) dis-
play activity, whereas the NMDA receptor antagonists 
and T-type Ca2� channel antagonists do not. It needs to 
be noted that the aforementioned correlations between 
anticonvulsant activity and mechanism of action are 
based purely on our knowledge regarding the currently 
available AEDs and experimental compounds that display 
highly selective mechanisms of action. As new drugs with 
other well-characterized mechanisms of action become 
available for testing, it will be interesting to see whether 
other classes of drugs (e.g., subunit selective NMDA, 
AMPA, and kainate antagonists; K� channel enhanc-
ers; other selective Ca2� channel antagonists: N, P, and 
Q type; and selective adenosine agonists) fall into some 
rational classification scheme. Last, given that a number 
of the currently available AEDs are active in a variety of 
experimental models, one might argue that they are likely 
to possess multiple mechanisms of action and a broader 
clinical profile than drugs with a narrow anticonvulsant 
profile. As discussed subsequently, this certainly appears 
to be the case for VPA, FBM, and TPM.

The value of such an oversimplified discussion lies 
not in trying to assess the mechanism of action of a drug 
based on its anticonvulsant profile, but in providing a 
logical rationale for assessing efficacy of an investiga-
tional AED emerging from a mechanistically driven drug 
discovery program. Thus, based on the available data 
with reasonably selective drugs, one would not attempt 
to demonstrate efficacy with a Na� channel blocker or 
NMDA antagonist using the PTZ test, nor would one 
initially evaluate a T-type Ca2� channel blocker or GABA 
uptake blocker against MES seizures. It could be argued 
that all drugs should be initially screened in the kindled 
rat, given the broad spectrum of drugs that are active in 
this model. Since the kindled rat is an extremely labor-
intensive model, it would not necessarily be amenable to 
high-volume screening. One model not discussed thus far 
that is often employed as a broad-spectrum screen is the 
audiogenic mouse (e.g. the DBA/2J and the Frings geneti-
cally susceptible mouse). Given that the audiogenic mouse 
model is nondiscriminatory with respect to clinical classes 
of AEDs, it serves as a useful model for “proof of prin-
ciple” screening (13). Once an active molecule has been 
identified, its clinical potential can be further established 
using more syndrome-specific models.

The remainder of this review will focus on the most 
widely accepted mechanism(s) that have been observed at 
therapeutically relevant concentrations of the first- and 
second-generation AEDs. As previously mentioned, this is 
not to imply that a minor, less-established action does not 
contribute to a drug’s anticonvulsant profile. The reader is 
referred to reviews by Rogawski and Porter (14), Macdonald 
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and Meldrum (15), Meldrum (16), and White (12) for a 
more comprehensive discussion of these effects.

FIRST-GENERATION (PRE-1993) AEDS

Phenytoin (PHT) and Carbamazepine (CBZ)

The anticonvulsant profiles of PHT and CBZ observed 
in animal seizure models correlate well with their clini-
cal efficacy in generalized tonic-clonic and complex par-
tial seizures (Table 30-1). Thus, both drugs are effective 
against tonic extension seizures induced by a number of 
different stimuli, including MES and various chemocon-
vulsants (17, 18), and both AEDs are effective against fully 
expressed kindled seizures (14). Unlike ESM, both drugs 
are ineffective against clonic seizures induced by PTZ. 
Studies conducted to date provide compelling evidence 
that therapeutic concentrations of PHT and CBZ prevent 
sustained repetitive firing resulting from extended depo-
larization (Table 30-2). In addition, both drugs prevent 
post-tetanic potentiation (PTP), a process whereby high-
frequency stimulation produces a transiently enhanced 
responsiveness to subsequent stimulation. The ability of 
PHT and CBZ to block PTP may explain, in part, their 
ability to limit seizure spread.

The voltage-sensitive Na� channel is thought to 
underlie the ability of neurons to fire repetitively. As such, 
anticonvulsants that inhibit sustained repetitive firing are 
likely to exert an effect on voltage-sensitive Na� chan-
nels. PHT and CBZ have been found to exert an inhibi-
tory effect on voltage-gated Na� channels (19–21) that 
is both use- and voltage-dependent (Table 30-2). These 
two properties account for the unique ability of PHT, 
CBZ, and other voltage-dependent Na� channel blockers 
to limit the high-frequency firing that is characteristic of 
epileptic discharges without significantly altering normal 
patterns of neuronal firing.

PHT and CBZ have also been demonstrated to 
produce a shift in the steady-state inactivation curve in 
mammalian myelinated nerve fibers to more negative 
voltages (22), thereby effectively reducing the degree 
of depolarization required to inactivate Na� channels. 
In addition, both drugs delayed the rate of Na� chan-
nel recovery from inactivation. Whether slight differ-
ences between PHT and CBZ in time dependence of the 
frequency-dependent block account for differences in 
anticonvulsant efficacy between these drugs has yet to 
be established. Thus, by stabilizing the Na� channel in 
its inactive form and slowing its rate of recovery from 
inactivation, both drugs can prevent sustained repetitive 
firing evoked by prolonged depolarization such as that 
found in an epileptic focus.

Similarly, voltage-, frequency-, and time-dependent 
inactivation of Na� channels by PHT has also been 

confirmed in isolated rat hippocampal neurons and Xeno-
pus oocytes injected with human brain mRNA (23, 24). 
All of these studies provide strong experimental evidence 
supporting an interaction of PHT and CBZ with the 
voltage-dependent Na� channel.

Ethosuximide (ESM)

Unlike PHT and CBZ, ESM is effective against clonic 
seizures induced by subcutaneously administered PTZ 
(Table 30-1). It is also active against spike-wave seizures 
induced by the chemoconvulsant gamma-hydroxybutyrate 
(6) and against spontaneous spike-wave discharges in 
the lh/lh mouse model of absence (8). ESM is ineffective 
against tonic extension seizures induced by MES and focal 
seizures in the kindled rat (25). In this respect, ESM’s in-
vivo profile is consistent with its clinical efficacy against 
generalized absence seizures and lack of efficacy in gener-
alized tonic-clonic or partial seizures (Table 30-1).

The mechanism of ESM was not elucidated until 
1989, when it was shown to reduce low-threshold T-type 
Ca2� currents in thalamic neurons isolated from rats and 
guinea pigs (26). Reduction of the T-type current was 
voltage-dependent and was observed at clinically relevant 
ESM concentrations, suggesting that this mechanism may 
be the basis for efficacy of ESM in controlling absence 
seizures (Table 30-2). This effect of ESM, which is pro-
duced at clinically relevant concentrations, is thought to 
represent the primary mechanism by which it controls 
absence epilepsy. Activation of T-channels in thalamic 
relay neurons generates low-threshold Ca2� spikes that 
are thought to contribute to the abnormal thalamocorti-
cal rhythmicity that underlies the 3-Hz spike-and-wave 
EEG discharge of absence epilepsy. By preventing Ca2�-
dependent depolarization of thalamocortical neurons, 
ESM as well as dimethadione, the active metabolite of 
the antiabsence drug trimethadione (27), is thought to 
block the synchronized firing associated with spike-wave 
discharges.

Valproic Acid (VPA)

Of the standard AEDs, VPA appears to have the broadest 
preclinical and clinical profile (Table 30-1). It is active 
in a variety of animal seizure models including electri-
cal seizures in the MES test, chemically induced clonic 
seizures in the sc PTZ test, electrically kindled seizures, 
GBL-induced spike-wave, and spontaneous spike-wave 
discharges in the lh/lh mouse (6, 8, 25). Clinically, VPA 
is useful in the management of both partial and primary 
generalized seizures.

Based on VPA’s rather broad preclinical and clini-
cal anticonvulsant profile, it might be anticipated that 
VPA would possess more than one mechanism of action. 
Indeed, a number of studies suggest that VPA possesses 
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at least three different mechanisms of action. First, in-vitro 
studies with VPA support an action at the voltage- sensitive
Na� channel (12). For example, VPA has been found to 
inhibit Na� currents in isolated Xenopus leavis myelin-
ated nerves (28) and in neocortical neurons in vitro (29). 
Furthermore, in rat hippocampal neurons VPA decreased 
peak Na� currents in a voltage-dependent manner and 
produced a 10-mV leftward shift in the Na� inactivation 
curve (30). Such an action may contribute to its ability 
to prevent MES-induced tonic extension in animals and 
generalized tonic-clonic and partial seizures in humans. 
Secondly, VPA, like ESM, has been shown to reduce 
T-type Ca2� currents in primary afferent neurons (31). 
This effect, albeit modest and observed at high VPA 
concentrations, may contribute to VPA’s clinical efficacy 
in absence seizures. Lastly, VPA-mediated elevations of 
whole-brain GABA levels and potentiation of GABA 
responses are also found at relatively high drug concen-
trations (14). This effect, coupled with its effect at the 
voltage-sensitive Na� channel, may also contribute to 
its efficacy against kindled seizures in rats and against 
human partial seizures.

Benzodiazepines (BZDs) and Barbiturates

In animal seizure models, the BZDs and barbiturates are 
effective at low doses against sc PTZ–induced clonic sei-
zures and in the kindled rat model of partial seizures. The 
barbiturates at low doses and BZDs at higher doses are also 
active against MES-induced tonic extension. One important 
distinction between these two classes of compounds lies in 
their efficacy against spike-wave seizures in the GBL and lh/
lh models of absence. In both models, the BZDs are effective 
in reducing spike-wave discharges, whereas the barbiturates 
actually worsen spike-wave discharges (6, 8).

Once released from GABAergic nerve terminals, the 
inhibitory neurotransmitter GABA binds to both GABAA
and GABAB receptors. The GABAA receptor complex is a 
multimeric macromolecular protein that forms a chloride-
selective ion pore. Thus far, multiple binding sites for 
GABA, anticonvulsant BZDs, barbiturates, neurosteroids, 
convulsant beta-carbolines, and the chemoconvulsant 
picrotoxin have been identified (32). The GABAB recep-
tor is coupled via a GTP-binding protein to calcium or 
potassium channels but does not form an ion pore and 
does not appear to contribute to the anticonvulsant action 
of either BZDs or barbiturates. The principal anticon-
vulsant action of the BZDs and barbiturates is thought 
to be related to their ability to enhance inhibitory neu-
rotransmission by allosterically modulating the GABAA
receptor complex.

GABA receptor current can be enhanced by increas-
ing channel conductance, open and burst frequency, and/
or open and burst duration. Studies indicate that the bar-
biturates act mainly by increasing the mean channel open 

duration without affecting channel conductances or opening 
frequency; whereas the binding of a BZD to its allosterically 
coupled GABAA binding site increases opening frequency 
without affecting open or burst duration (33–36). Results 
from several reconstitution experiments conducted in a 
variety of laboratories wherein specific GABA receptor 
subunits were transiently expressed in either Xenopus
oocytes, Chinese hamster ovary (CHO) cells, or human 
embryonic kidney cells have suggested a molecular basis 
for the differential regulation of GABA receptor current 
by these two classes of drugs. The results from these stud-
ies have suggested that the allosteric regulatory site con-
ferring barbiturate sensitivity appears to be contained 
in the alpha and beta subunits (37, 38). Thus, while 
GABA receptors formed from alpha1-beta1 subunits are 
barbiturate-sensitive, they are BZD-insensitive (37, 39). 
BZD sensitivity is restored when the gamma2 subunit is 
coexpressed with alpha1 and beta1 subunits (39). Transient 
coexpression of the gamma2, alpha1, and beta1 subunits 
in human embryonic kidney cells results in fully functional 
GABA receptors that are sensitive to the BZDs, barbitu-
rates, beta-carbolines, and picrotoxin. These effects at the 
GABAA receptor are likely to account for the efficacy of 
the BZDs and barbiturates against kindled seizures in rats 
and partial seizures in humans.

One important difference between these two classes 
of GABA modulators is that the barbiturates will directly 
activate a Cl� current in the absence of GABA; whereas 
the BZDs will not. This difference, coupled with possible 
anatomical differences in subunit expression, may explain 
in part why BZDs attenuate spike-wave seizures in both 
rodents and humans; whereas the barbiturates actually exac-
erbate spike-wave discharges (40). For example, clonazepam 
and diazepam selectively augment GABAA-mediated inhibi-
tion in neurons of the nucleus reticularis thalami (NRT), but 
not other thalamic neurons. Because the inhibitory synapses 
in the NRT are primarily reciprocal inhibitory circuits, aug-
mentation of inhibition by the BZDs results in decreased 
output of NRT onto the thalamus. By decreasing the “pace-
maker” activity of the thalamic reticular neurons imping-
ing onto the thalamus, the BZDs selectively and effectively 
prevent spike-wave discharges. In contrast, barbiturates, by 
increasing the inhibitory drive within the thalamus, enhance 
the deinactivation of T-currents, which results in a stronger 
low-threshold burst and increased thalamocortical rhythms. 
In contrast to the barbiturates, the BZDs do not augment 
inhibition within the thalamus and thus do not display the 
same proconvulsant action.

SECOND-GENERATION (POST-1993) AEDs

In some circumstances, the mechanisms of action of those 
AEDs introduced after 1993 display a marked overlap with 
those just defined for the pre-1993 AEDs. However, some 
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of these compounds display a unique mechanistic profile 
relative to the older drugs. Increasingly, AED development 
has produced novel molecules that enhance inhibitory 
neurotransmission by acting on GABA receptors, GABA 
transporters, and GABA metabolism or reduce excitatory 
neurotransmission mediated by glutamate.

Felbamate (FBM)

Felbamate (2-phenyl-1,3-propanediol dicarbamate) 
received FDA approval in mid-1993 and was the first new 
AED approved in the United States since 1978. Results 
from preclinical studies conducted by the NINDS Anti-
convulsant Drug Development Program demonstrated 
that FBM possessed a broad anticonvulsant profile in 
animal seizure models (41, 42; Table 30-1). It is effective 
against tonic extension seizures induced by MES and the 
glutamate agonists NMDA and quisqualic acid. Like VPA, 
FBM is also active against clonic seizures induced by a 
number of chemoconvulsants. In animal models of partial 
epilepsy, FBM has been found to reduce the seizure severity 
in corneal kindled rats and PTZ-kindled rats and to raise 
the seizure threshold in amygdala-kindled rats (43, 44). In 
addition to its anticonvulsant properties, FBM has also 
been demonstrated to possess neuroprotectant proper-
ties both in vitro and in vivo (45–48). Consistent with 
FBM’s broad preclinical profile is its rather broad clinical 
spectrum. Upon entry into the U.S. market, FBM was 
approved for treatment of partial seizures, primary and 
secondary generalized tonic-clonic seizures, and Lennox-
Gastaut syndrome.

FBM also possesses a broad mechanistic profile (12), 
which provides a basis for understanding its broad pre-
clinical and clinical anticonvulsant profile, as well as its 
neuroprotectant action. FBM reduces sustained repetitive 
firing in mouse spinal cord neurons in a concentration-
dependent manner. This action suggests an interaction 
with voltage-dependent Na� channels, an effect that was 
confirmed in rat striatal neurons (49; Table 30-2). FBM, 
at low concentrations, also appears to inhibit dihydro-
pyridine-sensitive high-threshold voltage-sensitive Ca2�

currents (50), an effect that is consistent with decreased 
excitability. One mechanism that appears to be unique 
to FBM is related to its ability to modulate glutamate 
receptor function through an action at the strychnine-
insensitive glycine site of the NMDA receptor. FBM has 
been shown to displace a competitive antagonist at the 
strychnine-insensitive glycine-binding site of the NMDA 
receptor in rat brain membranes (51) and postmortem 
human brains (52). Furthermore, FBM exerts a neuropro-
tective effect in the rat hippocampal slice that is reversed 
by glycine (53). Likewise, its anticonvulsant effect is 
reversed by strychnine-insensitive glycine receptor ago-
nists (54–56). In addition, FBM has been found to inhibit 
NMDA-evoked currents directly (57). FBM’s ability to 

block NMDA-evoked currents is unique among both the 
standard and the newer AEDs. Despite its interaction 
with this receptor complex, FBM does not appear to pro-
duce either the behavioral or pathologic impairment of 
the CNS that has been associated with either competitive 
or noncompetitive NMDA antagonists (43).

At substantially higher concentrations, FBM has 
also been reported to enhance GABA-evoked chloride 
currents (57). The mechanism by which FBM enhances 
GABA-evoked currents is unknown. For example, FBM in 
concentrations up to 1 mM does not appear to affect ligand 
binding to the GABA, BZD, or picrotoxin binding sites 
on the GABAA receptor ionophore, nor does it enhance 
GABA-stimulated 36Cl2� flux into cultured mouse spinal 
cord neurons (58).

FBM remains a mechanistically very interesting AED 
with an apparently broad anticonvulsant profile. How-
ever, its clinical utility has been markedly limited by the 
serious hematologic and hepatic toxicity reported after its 
commercialization in the United States (59). A thorough 
understanding of the mechanisms underlying these idio-
syncratic adverse effects and the ability to identify patients 
at risk will likely lead to an increased use of this highly 
effective drug in therapy-resistant patients.

Gabapentin (GBP)

The second of the newer generation AEDs to be mar-
keted in the United States is gabapentin (GBP). GBP, 
1-(aminomethyl)cyclohexaneacetic acid, was originally 
designed and synthesized as a drug to enhance GABA-
mediated inhibition by mimicking the steric conformation 
of GABA (60). Thus, GBP is one of the few examples of 
rational drug design resulting in a potent anticonvulsant.

In animal seizure models, GBP is active in a number 
of anticonvulsant tests (9, 61–63). It reduces electrically 
and chemically induced tonic extension seizures, as well 
as clonic seizures induced by sc PTZ (Table 30-1), and 
it blocks sound-induced seizures in DBA mice but not 
absence-like spike-wave seizures. GBP is also effective 
against fully kindled seizures in the kindled rat. These 
findings support its clinical efficacy against human partial 
seizures and secondarily generalized seizures.

Although the chemical structure and steric con-
formation of GBP were originally designed to enhance 
GABA-mediated inhibition, GABA mimetic activity was 
surprisingly absent in early studies. Despite demonstrated 
efficacy in both animal and human studies and numer-
ous in-vitro studies that have described several potential 
mechanisms of action, the precise mode of action of GBP 
remains unknown.

Findings from in-vitro studies suggest that GBP can 
increase the concentration of GABA in both the glial and 
neuronal compartments (64). GBP has also been shown 
to increase in-vivo occipital lobe GABA levels in patients 
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with epilepsy (65, Table 30-2). GBP may increase brain 
GABA turnover by interacting with a number of different 
metabolic processes. It has been demonstrated to enhance 
glutamate dehydrogenase and glutamic acid decarboxyl-
ase and inhibit branched-chain amino acid aminotrans-
ferase and GABA aminotransferase. Although any one of 
these effects could singly, or in concert with each other, 
contribute to the anticonvulsant action of GBP, it is not 
clear at this point which effects are important (61, 64). 
After prolonged administration, a voltage- and frequency-
dependent limitation of Na�-dependent sustained action 
potential firing in mouse cortical neurons was observed at 
clinically relevant concentrations of GBP (66). GBP’s abil-
ity to limit sodium-dependent sustained action potential 
firing in cultured mouse spinal cord neurons was voltage- 
and frequency-dependent. The precise mechanism of 
this effect is not known; however, it is unlikely that GBP 
inhibits sodium currents in a manner similar to that of 
established sodium channel blockers PHT and CBZ. The 
delayed effect of GBP against sustained repetitive firing 
is consistent with the substantial time lag between the 
appearance of peak plasma and brain concentrations 
and GBP’s time to peak anticonvulsant effect observed 
following intravenous administration (67). This delay in 
anticonvulsant effect suggests that prolonged synaptic 
and/or cytosolic exposure to GBP is important and sup-
ports an indirect mechanism of action for GBP.

GBP has also been reported to bind to a novel site 
in rat brain that is not affected by any of the standard 
AEDs and is not significantly displaced by NMDA or 
AMPA (alpha-amino-2,3-dihydro-5-methyl-3-oxo-4-
isoxazolepropanoic acid) receptor ligands (61). GBP is 
displaced stereospecifically by certain L-amino acids, dem-
onstrating a relationship between the GBP binding site 
and system-L transporter membrane. GBP has also been 
found to bind to the alpha2delta regulatory subunit of the 
voltage-sensitive Ca2� channel (68). The precise function 
of this auxiliary subunit is not known, but it has been sug-
gested that GBP may modify monamine neurotransmitter 
release through its interaction with Ca2� channels (64).

In summary, GBP displays a unique anticonvulsant 
profile in animal studies and has demonstrated efficacy 
in human trials. Furthermore, results from a number 
of in-vitro and in-vivo studies would also suggest that 
the mechanism of action of GBP is unique among the 
existing AEDs. The two that appear most closely associ-
ated with its anticonvulsant action are its ability (1) to 
enhance GABA turnover and release and (2) to interact 
with the alpha2delta regulatory subunit of the voltage-
sensitive Ca2� channel.

Lamotrigine (LTG)

Lamotrigine (3,5-diamino-6-{2,3-dichlorophenyl}-1, 
2,4-triazine) was the third new generation AED to be 

marketed in the United States since 1993. LTG was 
derived from an antifolate drug development program 
based on the observation that chronic use of phenobar-
bital, primidone, and phenytoin reduced folate levels (69) 
and that folates induce seizures in laboratory animals (70). 
However, despite its structural similarity to other antifo-
late drugs, LTG displays only weak antifolate activity. Fur-
thermore, results from structure-activity studies suggest 
that there is little correlation between antifolate activity 
and anticonvulsant potency (14).

In some respects the preclinical profile of LTG is very 
similar to that observed with PHT and CBZ (Table 30-1). 
For example, LTG is active in the kindled rat and against 
tonic extension seizures in the MES test but is ineffective 
against sc PTZ–induced clonus (62, 71, 72). However, 
the preclinical profile of LTG differs significantly from 
that of PHT and CBZ in one important manner. LTG is 
effective in the lh/lh model of absence (9); whereas PHT 
and CBZ not only are ineffective but can, upon occasion, 
actually worsen spike-wave seizures (6, 8, Table 30-1). 
In this respect, the preclinical profile of LTG supports its 
clinical utility against partial, generalized tonic-clonic, 
and generalized absence seizures (73–75).

In in-vitro experiments, LTG selectively blocks 
veratrine-evoked but not potassium-evoked release of 
endogenous glutamate (76). These findings suggested 
that LTG, like PHT, acts at voltage-sensitive Na� chan-
nels to stabilize neuronal membranes (Table 30-2). Evi-
dence favoring this mechanism includes the documented 
capacity of LTG to inhibit [3H]batrachotoxin binding 
and veratrine-stimulated [14C]guanidinium transport into 
synaptosomes (77, 78), its capacity to inhibit sustained 
repetitive firing (77), and its demonstrated concentration-
dependent inhibition of Na� currents in mouse neuro-
blastoma cells (19). Effects of all three AEDs on Na�

currents were voltage-dependent, and all three slowed 
recovery from inactivation.

However, as mentioned above, the clinical profile of 
LTG appears broader than would be expected based on 
this single mechanism. Given the lack of efficacy of other 
Na� channel blockers against generalized absence sei-
zures, LTG’s efficacy against this seizure type is likely 
unrelated to this mechanism, unless, as suggested by 
Coulter (40), LTG exerts an effect on a particular iso-
form of the brain Na� channel that either is anatomically 
involved in the generation of spike-wave discharges or 
is expressed in a way that is selectively altered in the 
thalamocortical circuitry of absence patients. LTG has 
been found to decrease voltage-gated Ca2� currents (50). 
This effect may contribute to a decrease in neurotrans-
mitter release and thereby contribute to its anticonvul-
sant action (Table 30-3). Additional investigations are 
required to resolve whether this effect contributes to 
the broader clinical profile of LTG versus that of PHT 
and CBZ.
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Levetiracetam (LEV)

Levetiracetam (LEV; (S)-alpha-ethyl-e-oxo-pyrrolidine 
acetamide) is the (S)-enantiomer of the ethyl analog of 
the nootropic drug piracetam. Levetiracetam displays a 
unique preclinical profile in animal seizure and epilepsy 
models. For example, it was found to be inactive in the 
traditional MES and sc PTZ-seizure models but highly 
active against audiogenic and fully kindled partial sei-
zures (79). Furthermore, LEV has been found to inhibit 
PTZ-induced spike-wave discharges (80) and spontane-
ous spike-wave discharges in the genetic absence epilepsy 
rat from Strasbourg (GAERS) (81). In addition, LEV 
decreases the afterdischarge duration in the amygdala-
kindled rat and inhibits bicuculline-induced increase in 
hippocampal population spike amplitudes (82–85). Leve-
tiracetam has also been found to be uniquely active in the 
6-Hz psychomotor seizure model of pharmacoresistance (3). 
For example, at a current intensity equivalent to two times 
the current necessary to evoke a seizure, levetiracetam and 
valproate were the only two AEDs that retained their abil-
ity to block 6-Hz seizures, although there was a marked 
decrease in the potency of both drugs at two times the 
critical current needed to induce seizures in 97% of the 
population (CC97) (3).

In in-vitro studies using rat hippocampal slices, 
LEV has also been observed to reduce the amplitude 
and number of repetitive population spikes induced by 
exposure to high K�–low Ca2� perfusion medium (86). 
LEV has also been found to inhibit bicuculline-induced 
bursts of action potentials and to decrease the frequency 
of NMDA-evoked bursting in hippocampal pyramidal 
neurons (87). Despite these observations, a unified molec-
ular mechanism(s) has yet to be clearly defined. This is 
perhaps not so surprising given LEV’s unique anticon-
vulsant profile. LEV has been demonstrated to bind to 
a specific, saturable, and stereoselective binding site in 
rat brain membranes that displays a high density in the 
hippocampus, cortex, and cerebellum (88). The finding 
that there is an excellent correlation between LEV binding 
and anticonvulsant activity in the audiogenic mouse sug-
gests a possible functional role for the LEV binding site. 
Of the various actions that might be ascribed to LEV, its 
ability to modulate neuronal high-voltage Ca2� currents 
(Tables 30-1 and 30-2) appears to be the one most likely 
to contribute to its ability to dampen neuronal hyperex-
citability (89). At higher concentrations, LEV has also 
been found to prevent the negative modulatory effects of 
Zn2� and beta-carbolines on GABA- and glycine-gated 
currents (90). These effects would be expected to pro-
long the hyperpolarization associated with GABA- and 
glycine-mediated neurotransmission. More recently, the 
LEV binding site has been found to be highly homolo-
gous with a novel site identified as synaptic vesicle pro-
tein 2A (SV2A) (91). The precise mechanism by which 

modulation of SV2A protein contributes to the anticon-
vulsant efficacy of LEV is not presently known. SV2A 
is an abundant protein that is closely associated with 
synaptic vesicles and is thereby thought to contribute 
to docking and release of neurotransmitter substances. 
Thus, it is highly possible that LEV, by binding to SV2A 
protein, modifies neurotransmitter release.

Oxcarbazepine (OCBZ)

Oxcarbazepine (10,11-dihydro-10-oxo-carbamazepine) 
is structurally related to CBZ (92). The keto substitution 
at the 10,11 position of the dibenzazepine nucleus does 
not affect the therapeutic profile of OCBZ but does con-
tribute to better tolerability in humans (93–96). In vivo, 
OCBZ is rapidly and completely reduced to its active 
metabolite (10,11-dihydro-10-hydroxy- carbamazepine,
HCBZ), which is thought to be responsible for the anti-
convulsant action of OCBZ (97). HCBZ is a racemate 
that can be separated into two enantiomers, both of 
which appear to contribute to the anticonvulsant activity 
of HCBZ (98).

The anticonvulsant profile of OCBZ and HCBZ is 
virtually identical to that of CBZ (Table 30-1). For exam-
ple, they are both active against tonic-extension seizures 
induced by MES and essentially inactive against clonic sei-
zures induced by PTZ, picrotoxin, and strychnine (98, 99). 
Both compounds were found to possess activity against 
focal seizures in monkeys with chronic aluminum foci (97). 
In comparative clinical trials OCBZ was demonstrated to 
be as efficacious and better tolerated than CBZ (94–96). 
Clinically, OCBZ seems to represent a less toxic and equally 
efficacious alternative to CBZ that appears to exert its 
anticonvulsant effect through a similar mechanism of 
action. Furthermore, OCBZ appears to be highly effi-
cacious and safe as a first-line treatment in adults with 
partial and generalized tonic-clonic seizures (100).

OCBZ, HCBZ, and CBZ all appear to share a simi-
lar mechanistic profile (Table 30-2). (101). OCBZ and 
HCBZ, like other drugs that block MES seizures, both 
block sustained repetitive firing in cultured spinal cord 
neurons in a voltage- and frequency-dependent manner 
(102). Additional results from electrophysiologic studies 
suggest that HCBZ may mediate some of its anticonvul-
sant effect through an action at high-threshold voltage-
gated Ca2� channels (50).

Pregabalin (PGB)

Pregabalin (S-(�)-3-isobutyl-gamma-aminobutyric 
acid) was approved for use as adjunctive therapy for 
the treatment of partial seizures in 2005. PGB is a struc-
tural analog of GABA, but, like the similar compound 
gabapentin, has no activity at either GABAA or GABAB
receptors.
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The preclinical profile of PGB revealed that it is 
more potent and bioavailable than gabapentin. In ani-
mal models of seizure activity, PGB effectively protects 
against tonic extension seizures induced by MES, clonic 
seizures induced by sc PTZ, and audiogenic seizures in 
the DBA/2 mouse (103). The ability of PGB to block 
kindled seizures accurately predicted that PGB would 
be effective against partial seizures. PGB was found to 
block bicuculline and strychnine-induced seizures only at 
high concentrations, and it was unable to block absence 
seizures in the GAERS rat.

Although it is known that PGB binds to the 
alpha2delta_auxiliary subunit of the voltage-gated calcium 
channel, it is still not completely clear how it exerts its anti-
convulsant activity. Recent work in cultured hippocampal 
neurons suggests that PGB may reduce spontaneous and 
evoked neurotransmitter release, most likely by targeting 
the readily releasable pool of synaptic vesicles (104).

Topiramate (TPM)

Topiramate, 2,3:4,5-bis-O-(1-methylethylidene)-beta-
D-fructopyranose sulfamate, is a chemically novel AED. 
In animal tests, the anticonvulsant profile of TPM most 
closely approximates those of PHT, CBZ, and LTG. For 
example, it is active against MES-induced tonic extension 
seizures. TPM does not prevent seizures induced by sc 
PTZ; however, it does elevate the seizure threshold for 
PTZ-induced seizures (105, 106). In the amygdala-kindled 
rat, TPM reduced both the seizure score and the afterdis-
charge duration of fully expressed kindled seizures (107) 
and, with pretreatment, appears to delay the acquisition 
of kindling (108). This latter effect suggests an antiepilep-
tic vs purely anticonvulsant effect. In the spontaneously 
epileptic rat, which displays both tonic extension seizures 
and absence-like spike-wave discharges, TPM was as 
effective as PHT in reducing tonic extensions and, like 
ESM, decreased the duration of spike-wave discharges in 
a dose- and time-dependent fashion (109, Table 30-1). 
Furthermore, topiramate has been shown to be effective 
in the GAERS model of absence epilepsy (110). These find-
ings support the apparent broad clinical profile that has 
emerged for TPM. For example, it appears to be effective 
against a broad range of seizure types, including partial and 
generalized tonic-clonic seizures (Table 30-1). In addition, 
TPM was recently approved for the prophylactic treatment 
of migraines, further indication of its broad spectrum activ-
ity in the CNS. Anecdotal reports have suggested that TPM 
may be effective against uncomplicated absence seizures, 
an action supported by findings in the spontaneously epi-
leptic rat (109) but not the lh/lh mouse (9).

In studies conducted thus far, TPM has been found 
to possess multiple potential mechanisms of action ((105, 
111, Table 30-2). In cultured hippocampal neurons, 
therapeutic concentrations (3–30 µM) of TPM inhibit 

sustained repetitive firing in a use- and concentration-
dependent manner (112) and reduce voltage-activated 
Na� currents in cultured neocortical neurons (113).

TPM has also been shown to reduce kainate-evoked 
inward currents, block kainate-evoked cobalt influx, and 
block kainic acid receptor-mediated postsynaptic currents 
in the amygdala, indicating that TPM has antagonistic 
effects on the kainate/AMPA subtype of glutamate recep-
tor (114–116). The effect of TPM on kainate-evoked cur-
rents appears to be unique to TPM among the new AEDs, 
is consistent with a decrease in neuronal excitability and 
may, when coupled with its effects against Na� currents, 
contribute to its efficacy against partial and generalized 
convulsive seizures.

Effects at the Na� channel and AMPA/kainate 
receptor do not necessarily support the ability of TPM 
to block absence-like spike-wave discharges in the spon-
taneously epileptic rat and anecdotal reports suggesting 
efficacy against generalized absence epilepsy. TPM has 
been reported to enhance GABA-evoked chloride single-
channel currents in cultured neocortical neurons (117, 
118). Kinetic analysis of single-channel recordings from 
excised outside-out patches demonstrated that TPM 
increased the frequency of channel opening and the burst 
frequency but was without effect on open-channel dura-
tion or burst duration. This effect of TPM on GABAA
channel activity was similar to that observed with BZDs; 
however, the ability of TPM to enhance GABAA-evoked
current was not reversed by the BZD antagonist fluma-
zenil. Although consistent with TPM’s ability to block 
spike-wave discharges and its apparent efficacy against 
absence epilepsy, enhancement of GABA-mediated inhibi-
tion would not be predicted from previous in-vitro studies 
in which TPM did not displace radiolabeled ligand bind-
ing to known binding sites on GABAA receptors (106).

In other preclinical studies, TPM was shown to 
inhibit certain carbonic anhydrase isoforms, an activity 
that may, through an alteration of HCO3 homeostasis, 
contribute to TPM’s mechanism of action (119). Topira-
mate has also been reported to hyperpolarize hippocampal 
neurons reversibly in rat hippocampal slices (120) and to 
inhibit neuronal repetitive firing in rat olfactory cortical 
neurons by inducing a slow outward membrane current. 
Both of these effects are thought to be the result of acti-
vating an outward current carried by K� ions (120, 121). 
Furthermore, TPM has been observed to decrease high-
voltage activated Ca2� currents (HVACC) in CA1 pyra-
midal (122). This effect at both L- and non L-type Ca2�

channels required a short preincubation period.
The results to date suggest that the effects of TPM 

on Na� channels, GABAA receptors, HVACC, and 
AMPA/kainate receptors are unique as compared to pro-
totypical modulators of these processes. For example, 
TPM’s effects on all four of these protein complexes can 
be highly variable. TPM has been observed to produce 
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both immediate and delayed effects; sometimes its effect 
is reversible and sometimes it is not; in some prepara-
tions TPM’s action appears to be dependent on the age 
of neurons in culture. All of these observations, albeit 
frustrating, are suggestive of a unique interaction with 
a target protein that may be dependent in part on its 
molecular structure. Indeed, recent results suggest that 
the effects of TPM, at least on GABAA receptor func-
tion, depend on the expression of specific subunits (123). 
Clearly, additional studies are required to elucidate its 
precise mechanism of action further.

Tiagabine (TGB)

Tiagabine, (R)-N-(4,4-di-(3-methyl-thien-2-yl)but-3-enyl) 
nipecotic acid hydrochloride, is a selective GABA uptake 
inhibitor (Table 30-3) that emerged from a mechanistic-based 
drug discovery program designed to identify lipophilic GABA 
uptake inhibitors for the treatment of epilepsy (124).

In animals, TGB is effective against several types 
of chemically induced seizures, including methyl-6, 
7-dimethoxy-4-ethyl-beta-carboline-3-carboxylate 
(DMCM)-induced clonic seizures and sc PTZ-induced 
tonic (potent inhibitor) and clonic (partial inhibitor) sei-
zures (124, Table 30-1). TGB reduced both seizure sever-
ity and afterdischarge duration in the amygdala-kindled 
rat, was active against audiogenic seizures in DBA/2 mice, 
and was only partially effective against photically induced 
myoclonus in the photosensitive baboon. However, it is 
active in the MES test, but only at doses two- to three-fold 
higher than that producing motor impairment. TGB, like 
VGB, also worsens spike-wave discharges in the GAERS, 
GBL, and lh/lh models of absence (9).

In-vitro studies have shown TGB to be a potent 
inhibitor of neuronal and glial GABA uptake (124, 
Table 30-2). TGB binds selectively and reversibly to the 
GAT-1 GABA uptake carrier of both glia and neurons, 
but it does not stimulate GABA release. It is ineffective 
at other receptor-binding and uptake sites evaluated to 
date, including the glutamate receptor, Na�, and Ca2�

channels. Inhibition of GABA uptake by TGB leads to 
increased synaptic concentrations of GABA and a conse-
quent enhancement and prolongation of GABA-mediated 
inhibitory neurotransmission, an effect that is assumed 
to be the basis of TGB’s anticonvulsant activity against 
partial seizures and its ability to aggravate spike-wave 
seizures in rodents and, potentially, humans. Indeed, TGB 
treatment has been demonstrated to increase extracel-
lular fluid GABA levels in vivo in both animal (125) and 
human brains (126). The mechanism of its proconvulsive 
action is probably much like that of VGB (see following 
paragraphs) in that elevated synaptic concentrations of 
GABA at the level of the thalamus are thought to poten-
tiate GABAB -mediated slow after-hyperpolarization, 
which leads to enhanced deinactivation of T-currents 

and increased amplification of thalamocortical rhythms 
necessary to support spike-wave discharges.

Vigabatrin (VGB)

Vigabatrin (4-amino-5-hexenoic acid or gamma-vinyl 
GABA), is available in Europe, Mexico, and Canada for the 
treatment of partial seizures. In experimental seizure mod-
els, VGB is active in photosensitive baboons, strychnine- 
and sound-induced seizures, and amygdala kindling. VGB 
is essentially inactive in the MES test and in DMCM-
induced clonic seizures and worsens spike-wave seizures 
in the lh/lh mouse and GAERS rat (9, 12, 14, 127). Further, 
direct injection of VGB into the median part of the lateral 
thalamus of GAERS significantly increased the cumulative 
duration of spike-and-wave discharges (128, 129). VGB’s 
anticonvulsant activity in the kindled rat and worsening 
of spike-wave seizures in the lh/lh mouse and GAERS 
correlate well with its clinical utility against partial sei-
zures and its potential exacerbation of spike-wave seizures, 
respectively.

VGB, a close structural analog of GABA, arose from 
a synthesis program designed to develop molecules that 
target GABA alpha-oxoglutarate transaminase (GABA-T; 
EC 2.6.1.19), the enzyme responsible for GABA metabo-
lism. VGB binds to GABA-T and permanently inactivates 
the enzyme, thereby increasing brain GABA levels and 
enhancing GABAergic neurotransmission (Table 30-2). 
VGB administration to laboratory animals produces a 
prolonged, dose-related inhibition of GABA-T and corre-
sponding elevation of whole-brain GABA levels (130, 131). 
An increase in all brain regions examined was observed; 
however, quantitative differences between brain regions 
were noted (132). Likewise, in human studies VGB pro-
duces a dose-dependent increase in cerebrospinal fluid 
GABA levels (133–135). In animal studies, there does 
appear to be a preferential increase in the GABA con-
centration in the synaptosomal pool over the nonsyn-
aptosomal pool (136). Thus, VGB treatment leads to 
an increased amount of presynaptic GABA available for 
release, which indirectly leads to increased GABAergic 
activity at postsynaptic GABA receptors.

The consequent increased activity of GABA on post-
synaptic GABA receptors results in increased inhibition 
of neurons involved in seizure activity and represents the 
most likely basis for VGB’s clinical activity against par-
tial seizures. The same mechanism that affords efficacy 
in partial seizures likely contributes to aggravation of 
generalized absence seizures (9, 40, 123). For example, 
increased GABA release in the thalamus will lead to a 
greater activation of GABAB receptors. Enhanced GABAB
receptor activation leads to a prolonged hyperpolarization 
and subsequent deinactivation of T-type Ca2� currents, 
which contribute to the synchronized burst firing of thala-
mocortical neurons.
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Unfortunately, vigabatrin use has been associated 
with an irreversible visual field defects in both children 
and adults; see Ben-Menachem 2002 (137) for review and 
references. Unfortunately the emergence of this idiosyn-
cratic adverse event has had a significant impact on the 
use of this very effective AED in children with infantile 
spasms.

Zonisamide (ZNS)

Zonisamide (1,2-benzisoxazole-3-methanesulfonamide) 
was discovered as a result of routine biological screening 
of 1,2-benzisoxazole derivatives. ZNS possesses a broad 
anticonvulsant profile in animal seizure models (14, 138; 
Table 30-1). It blocks MES seizures in a number of dif-
ferent species and restricts the spread of focal cortical 
seizures in cats. In addition, ZNS blocked tonic exten-
sion seizures in spontaneous epileptic rats and audio-
genic seizures in DBA/2 mice (109). In cats and rats, ZNS 
also suppresses focal seizure activity induced by cortical 
freezing and tungstic acid gel, respectively. Moreover, in 
hippocampal-kindled rats, amygdala-kindled rats, and 
cats ZNS suppresses subcortically evoked seizures. In 
geniculate-kindled cats, ZNS decreases photically induced 
myoclonus. In the spontaneous epileptic rat, ZNS did 
not affect spike-wave discharges (109). Clinically, ZNS 
appears to possess efficacy against a number of seizure 
types including partial and secondarily generalized sei-
zures, generalized tonic-clonic, generalized tonic, atypical 
absence, atonic, and myoclonic seizures (138).

ZNS’s broad anticonvulsant profile can likely be 
accounted for by a similarly broad mechanistic profile 
(Table 30-2). For example, it blocks sustained repetitive 
firing in cultured spinal cord neurons (139) through an 
effect on voltage-sensitive Na� channels (140). In voltage-
clamped Myxicola giant axons, ZNS, like PHT, CBZ, and 
LTG, appears to retard recovery from fast and slow Na�

channel inactivation and produces a hyperpolarizing shift 
in the steady-state inactivation curve. ZNS has also been 
demonstrated to reduce voltage-dependent T-type calcium 
currents in cultured neurons (141) and neuroblastoma 
cells (142). ZNS also appears to modulate GABA-mediated 
inhibition. For example, ZNS has been reported to decrease 
(3H)flunitrazepam and (3H)muscimol binding to the BZD 
and GABAA receptors, respectively. Similarly, (3H)ZNS
binding to rat whole brain membranes is reduced by clon-
azepam and enhanced by GABA (143). In contrast, ZNS 
did not affect ion currents evoked by iontophoretically 
applied GABA (139). Obviously, additional experiments 
are required to resolve this apparent discrepancy.

Effects on voltage-sensitive Na� channels are likely 
to contribute to ZNS’s ability to block MES-induced 
tonic extension in animals and generalized tonic seizures 
in humans, whereas effects on low voltage-activated T 
currents and perhaps GABA receptors are more likely 

to correlate with its efficacy against generalized absence 
and myoclonic seizures, respectively.

CONCLUSIONS

In recent years, an improved understanding of the mecha-
nisms associated with epileptiform events and the anticon-
vulsant activity of AEDs has contributed to the synthesis 
of new AEDs specifically designed to reduce excitation 
or to enhance inhibition. This mechanistic approach has 
been successful in identifying two new drugs that modify 
GABA-mediated inhibition by either blocking reuptake 
of synaptically released GABA (i.e., TGB) or inhibiting 
metabolism of neuronal and glial GABA (i.e., VGB). In 
addition, knowledge that the binding site for gabapentin 
(i.e., alpha2delta auxiliary subunit of the voltage-gated 
calcium channel) correlated with its anticonvulsant profile 
led to the search for more potent analogs and the subse-
quent development of pregabalin. These three examples 
clearly support the validity of the mechanistic approach.

Unfortunately, at the excitatory synapse, the mecha-
nistic approach has been less successful, despite an exten-
sive understanding of the processes underlying excitatory 
neurotransmission. For example, the drugs developed 
thus far to target specifically the NMDA-preferring gluta-
mate receptor have not only lacked efficacy in the limited 
clinical trials conducted to date but have also resulted in 
intolerable side effects (144). Increased understanding of 
the molecular biology of not only the NMDA, but also the 
AMPA and kainate receptors may ultimately lead to the 
development of selective, less toxic, and clinically effica-
cious glutamate antagonists. To this point, both felbamate 
and topiramate demonstrate that a drug that modulates 
activity at these two molecular targets can be clinically 
useful for the treatment of patients.

Many of the new AEDs appear to act through a 
combination of mechanisms that likely extend beyond 
effects on Na� and Ca2� channels and GABA receptors. 
However, these effects alone are probably not sufficient 
to account for the apparent efficacy of the newer AEDs 
in highly refractory seizure patients. Two of the newer 
drugs (FBM and TPM) appear to possess a unique ability 
to inhibit glutamate-mediated neurotransmission through 
an effect on NMDA (FBM) and AMPA/kainate (TPM) 
receptors. The finding that these drugs limit glutama-
tergic neurotransmission without producing the typical 
behavioral disturbances associated with selective gluta-
mate antagonists may suggest that they target a different 
glutamate receptor subtype. Newly developed molecular 
biologic techniques will undoubtedly make it possible to 
address this issue in the future.

Mechanisms of action beyond those discussed are 
likely to contribute to the underlying efficacy of the new 
AEDs. The continued search to understand the molecular 
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mode of action of the available drugs thoroughly will 
indirectly provide important information concerning 
the underlying causes of seizure disorders. Ultimately 
the results obtained from these and other studies will 
continue to assist in the rational design of newer, more 
effective, and less toxic drugs.

It is worth noting that several investigated AEDs 
are currently winding their way through the development 
process and that some of these are likely to come into 
use in the next few years. Many of these drugs share a 
similar mechanistic profile with the marketed AEDs. On 
the other hand, the molecular mechanism of a few of these 
AEDs has yet to be defined. It is strongly hoped that the 
“inability” to define a specific mechanism to a given drug 
would translate into the development of a novel therapy 
with improved efficacy over the established AEDs.

Perhaps equally important is the finding that several 
of the drugs in development have been found to prevent 
neuronal damage secondary to an acute brain insult. It is 
possible that this action may one day lead to the develop-
ment of a “disease-modifying” therapy that slows, halts, 
or prevents the development of epilepsy in the susceptible 
individual. Such a therapy would be a major leap forward 
for the patient with newly diagnosed epilepsy, or even 
the person at risk for developing epilepsy. The challenges 
associated with the development of a disease-modifying 
therapeutic are immense, but worthy of pursuit. Last, it 
is likely that we will eventually identify novel drugs that 
not only inhibit acute seizures but also interfere with the 
pathologic processes that underlie the development of 
drug-resistant epilepsy. Only at that point will we be able 
to conclude the search for the ideal AED.
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Evidence-Based Medicine 
Issues Related to Drug 
Selection

hen selecting an antiepileptic drug 
(AED) for a patient with epilepsy, 
a clinician integrates his or herown 
experience, education, cultural 

beliefs, and personal values with patient-specific variables 
and AED-specific variables to select the appropriate AED 
(Figure 31-1) (1, 2). The overlap between a physician’s 
background and specific AED characteristics can be 
called the physician’s “internal” knowledge base used 
to make a clinical decision. Similarly, the doctor-patient 
interaction depends on the physician’s background and 
the patient’s characteristics; this “interface” knowledge 
also plays a role in medication selection.

However, internal and interface knowledge are 
only two legs of the clinical decision tripod. The third 
component could be called “external” knowledge—the 
unbiased third-party evaluation of relevant available 
scientific evidence about an AED’s characteristics or 
performance within specific patient situations (e.g., par-
tial onset seizures, children, etc.). This last component 
is represented by various types of rigorous evaluations 
called systematic reviews, guidelines, or practice param-
eters. The integration of these three forms of knowledge 
allows the clinician to make an evidence-based decision 
and therefore practice evidence-based medicine (EBM).

This chapter will examine a variety of EBM issues 
related to drug selection for patients with epilepsy. These 

Tracy A. Glauser
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issues will include a brief review of some historical events 
leading to the development of the EBM approach; key 
definitions; description of the evolution, structure, and 
examples of two types of EBM tools (systematic reviews 
and practice guidelines); and discussion of the limitations 
of EBM.

HISTORICAL EVENTS LEADING TO EBM

The development of the controlled clinical trial was essen-
tial to the development of modern EBM. From biblical 
references through bloodletting experiments to James 
Lind’s classic trial of treatments for scurvy, the meth-
odology of the controlled clinical trial slowly developed 
(3, 4). The subsequent development of EBM in the sec-
ond half of the twentieth century was a worldwide effort 
involving numerous people and organizations. Due to 
space constraints, only three different yet complemen-
tary contributions to the development of EBM will be 
highlighted (3).

The British epidemiologist Professor Archibald 
Leman Cochrane, CBE, FRCP, FFCM (1909–1988), was 
a major contributor to the development of EBM. His 
1972 book, Effectiveness and Efficiency: Random Reflec-
tions on Health Services, proposed that, since resources 
are limited, focus should be on providing health care that 

W
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has been shown to be effective (5). Professor Cochrane 
felt the focus should be on randomized, controlled trials 
(RCTs) as the most reliable source of information. This 
approach gained widespread acceptance and led to the 
development during the 1980s of an international col-
laboration that developed a database of perinatal trials. 
After his death in 1988 the movement continued, and in 
1992 the first Cochrane center opened in Oxford, UK. 
The next year, The Cochrane Collaboration was founded. 

“The Cochrane Collaboration is an international not-for-
profit and independent organization, dedicated to mak-
ing up-to-date, accurate information about the effects of 
healthcare readily available worldwide. It produces and 
disseminates systematic reviews of healthcare interven-
tions and promotes the search for evidence in the form of 
clinical trials and other studies of interventions” (6).

The major output of the Cochrane Collaboration 
is the Cochrane Database of Systematic Reviews. These 

FIGURE 31-1

Factors involved with making drug selection for patients with epilepsy (clinical decision tripod) (adapted from Mulrow CD, Cook
DJ, Davidoff F. Systematic reviews: critical links in the great chain of evidence. Ann Intern Med 1997; 126[5]:389–391.)
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reviews are part of the Cochrane Library, which is 
a collection of databases for clinicians including the 
Cochrane Database of Systematic Reviews, the Database 
of Abstracts of Reviews of Effects, the Cochrane Central 
Register of Controlled Trials (CENTRAL), the Cochrane 
Methodology Register, the NHS Economic Evaluation 
Database, Health Technology Assessment Database, 
and the Cochrane Database of Methodology Reviews 
(CDMR) (7). The Library is published on CD-ROM and 
the Internet and updated quarterly (7).

A second major contribution was by the clinical 
epidemiologist Dr. David Sackett (1934–present). His 
background was as a physician (MD from the University 
of Illinois) and epidemiologist (MS in epidemiology from 
Harvard University). He founded the first department of 
clinical epidemiology in Canada at McMaster University 
and played a major role in the development and imple-
mentation of problem-based learning for the medical 
students at McMaster Medical School. He incorporated 
EBM as an important part of the learning process. In 
1994, he left McMaster University for Oxford University 
in England and the Oxford Centre for Evidence-Based 
Medicine. His passion for EBM, coupled with his articles 
(8–16) and books (17, 18) on the need, benefits, and 
methods of EBM, helped to solidify EBM’s place in the 
medical community (19).

The last major contribution occurred in the United 
States in the late 1980s. As a result of the skyrocketing 
cost of health care and the high rate of Americans with-
out health insurance, in 1989 dramatic changes in feder-
ally funded health care programs were being proposed, 
including a cap to total federal health care spending (20). 
Medical organizations strongly opposed these expendi-
ture targets and argued that a better approach would 
be to encourage outcome assessment and practice guide-
lines as cost-effective alternatives (20). In 1989 the final 
budget reconciliation included legislation that replaced 
these expenditure targets with Voluntary  Performance 
Standards (20). The goal then was to develop scien-
tifically sound practice parameters that would improve 
clinical practice and therefore be cost efficient and reduce 
wasteful spending.

The Agency for Health Care Policy and Research 
(AHCPR) was established with the goal to develop 
practice guidelines (20). The Omnibus Budget Rec-
onciliation Act of 1989 also established a National 
Advisory Council for Health Care Policy Research 
and Evaluation whose responsibility it was to advise 
the Administrator of AHCPR and the Secretary of the 
Department of Health and Human Services on develop-
ing, reviewing, and updating guidelines (20). The Institute 
of Medicine of the National Academy of Sciences was 
awarded a contract to develop priorities for guidelines 
along with developing definitions to be used (20). Over the 
past two decades, multiple professional organizations, 

nonprofit organizations, and government agencies have 
developed hundreds of guidelines for a wide variety of 
diseases (21).

EBM DEFINITIONS

EBM, a term formally introduced in 1992 (22, 23), has 
been defined as “the conscientious, explicit, and judi-
cious use of current best evidence in making decisions 
about the care of individualized patients. The practice 
of evidence-based medicine means integrating individual 
clinical expertise with the best available external clinical 
evidence from systematic research” (8).

The two most commonly used EBM tools are the 
systematic review and the practice guideline.

A systematic review is “A review of a clearly formu-
lated question that uses systematic and explicit methods 
to identify, select, and critically appraise relevant research, 
and to collect and analyse data from the studies that are 
included in the review. Statistical methods (meta-analysis) 
may or may not be used to analyse and summarise the 
results of the included studies” (7).

Practice guidelines are “Systematically developed 
statements to assist practitioner and patient decisions 
about appropriate health care for specific clinical cir-
cumstances” (24).

The American Medical Association (AMA) felt 
that negative connotations from terminology might limit 
physicians’ acceptance of these policies, standards, and 
guidelines. As such the AMA preferred to use the term 
“parameter.” The AMA defined “practice parameters” as 
“strategies for patient management, developed to assist 
physicians in clinical decision making . . . including stan-
dards, guidelines, and other patient management strate-
gies” (20).

EBM TOOLS

Systematic Review

Overview. The most refined example of a systematic 
review is the Cochrane Review. The development of a 
Cochrane Review is a multistep collaborative process 
between the investigators and the Cochrane Review 
Group’s editorial team. After extensive discussions with 
the editorial team about the topic or title of the review, 
authors usually attend a protocol workshop to help 
them understand how to carry out the highly structured 
review. The next step is to develop and publish a pro-
tocol describing how the review will be conducted. All 
Cochrane Reviews are prepared using a software program 
called Review  Manager (RevMan). The review follows 
the format described in the Cochrane Handbook for 
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Systematic Reviews of Interventions. As the review is 
being constructed, additional methodological, statistical, 
and editorial input is given as needed by the Cochrane 
Review editorial team. Prior to publication, the review is 
evaluated by impartial external referees. Once published, 
authors update the reviews yearly if new relevant infor-
mation becomes available (25).

Structure. A Cochrane Review is a highly structured 
document containing well-defined sections. The review 
begins with a short summary written in plain language for 
lay people. A structured abstract of the entire review fol-
lows. Then relevant background information, objectives 
of the review, and selection criteria (e.g., types of studies, 
types of participants, types of interventions, and types of 
outcome measures) are described, followed by the search 
strategy for identifying potentially eligible studies. Meth-
ods is the next section; the inclusion/exclusion criteria 
for eligible studies are described, the approach to assess-
ing study quality is presented, how data were extracted 
and analyzed is depicted, and details about whether any 
subgroups were studied are presented. The results section 
describes the type and number of studies identified, along 
with a detailed assessment of each study’s methodologies, 
and a summary of the data (potentially including a meta-
analysis). The interpretation and assessment of the results 
is contained in the discussion section. Last, the authors 
provide their own conclusions along with the data’s impli-
cations for practice for research (25).

Examples. To date, there are 33 epilepsy Cochrane 
Reviews. Seven systematic reviews have examined 
AED use in monotherapy (26–32): carbamazepine vs. 
valproic acid (26), phenytoin vs. valproic acid (28), 
carbamazepine vs. phenytoin (29), phenytoin vs. phe-
nobarbital (27), carbamazepine vs. phenobarbital (30), 
oxcarbazepine vs. phenytoin (31), and lamotrigine vs. 
carbamazepine (32). The outcome focus was on three 
end points: time to withdrawal, number of patients 
achieving 12-month seizure freedom, and time to first 
seizure. Because of the paucity of high-quality studies 
(class I and class II, as defined in Tables 31-1 and 31-2), 
the overwhelming majority of data used in these reviews 
was from class III studies. Many times the reviews found 
no significant differences for the outcomes examined.

Nine Cochrane Reviews have examined AEDs’ use as 
add-on therapy in drug-resistant partial epilepsy (33–44). 
These reviews examined topiramate (33), lamotrigine 
(39), levetiracetam (41), oxcarbazepine (42), zonisamide 
(34, 37), tiagabine (36), gabapentin (43, 44), calcium 
antagonists (38), and remacemide (35).

Other Cochrane Reviews have been published for 
absence seizures (45), infantile spasms (46), Lennox-Gastaut 
syndrome (47), neonatal seizures (48), corticosteroid use 
for childhood epilepsy (49), status epilepticus (50, 51), 

neuropsychological outcomes in children with epilepsy 
(52), and the ketogenic diet (53).

Non-Cochrane systematic epilepsy reviews have also 
been published, covering topics such as management of 
newly diagnosed epilepsy (54–57), tonic-clonic seizures 
(58), adults with epilepsy and intellectual disability (59), 
childhood epilepsies (60), AED clinical trials (61), AEDs 
and cognitive function (62), ketogenic diet (63, 64), 
quality of life (65), and AED economic issues (66, 67).

Practice Guideline

Overview. The evolution of the systematic review was 
relatively straightforward compared to the developments 
leading up to practice guidelines. Guidelines have evolved 
through multiple stages including individual expert opin-
ion, informal consensus guidelines, formal consensus 
guidelines, and evidence-based guidelines (68).

Non-evidence-based Guidelines. Over the past hundred 
years, 36 AEDs have been released worldwide resulting 
in multiple medical treatment options for people with 
epilepsy (1). The first wave of AEDs was in the first half 
of the twentieth century and included phenobarbital, 
phenytoin, and structurally similar AEDs. In the 1970s 
a second wave of AEDs included carbamazepine and val-
proic acid. The latest wave began in the early 1990s and 
contained 10 new AEDs.

The early growth in AEDs was not accompanied by 
a concomitant growth in the amount of available scien-
tific evidence regarding each drug’s efficacy, safety, and 
tolerability. Clinicians relied on their own clinical experi-
ence coupled with the advice of a few trusted colleagues 
when selecting a medication for patients with epilepsy. 
This “individual expert opinion” approach led to diverse 
(and often strongly held) opinions about the appropriate 
choice and sequencing of medications for specific groups 
of patients. During this time, the lack of widely accepted 
methodology for conducting epilepsy clinical trials and 
the frequent reporting of treatment outcomes in small 
groups of patients impaired practitioners from assessing 
which treatment approaches were superior.

The next evolution was to bring experts together 
and let them come to a consensus about the appropriate 
medication or sequencing of medications for particular 
groups of patients. This approach has been called the 
“informal consensus development” (68) approach or the 
“global subjective judgment” approach (69). The meth-
odology involved in developing the conclusions and rec-
ommendations for this type of guideline is usually poorly 
described and poorly implemented. There is frequently 
little mention of how studies are selected for inclusion, 
how the recommendations relate to the evidence, or, 
in general, how the bias of the experts was minimized. 
Unfortunately this type of guideline remains a commonly 
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used approach because it is easy to construct, fast to 
develop, and needs little formal statistical analysis (68). 
Even today, there are multiple examples of this flawed 
approach in the epilepsy literature; the resulting conclu-
sions must be viewed with a jaundiced eye.

In the late 1970s a new approach was developed 
called the “formal consensus” (68) or the “expert consen-
sus” approach. This approach is used by the Consensus
Development Program sponsored by the National Insti-
tutes of Health (NIH) (70–72). Since 1977, these struc-
tured two-and-a-half-day conferences have focused on 
medical technologies and practices in which there is a 
difference of opinion about best practices (20). These 
conferences produce evidence-based consensus statements 
that address controversial issues in medicine that have sig-
nificant importance to patients, providers, and the general 
public. From 1977 through 1990, 84 conferences have 
been held. Only two have focused on seizures or epilepsy: 
one related to the surgical treatment of epilepsy (73), 
and one focused on febrile seizures (74, 75). Evidence, 
including a systematic literature review prepared by the 
Agency for Healthcare Research and Quality, is presented 
to an impartial panel. The panel is then sequestered and 
then renders its recommendations in its statement. Each 
consensus statement answers approximately four to six 

questions; the final document is not a policy statement of 
the NIH or the federal government.

The expert consensus guideline with the largest 
national impact was the 1993 expert consciences panel 
sponsored by the Epilepsy Foundation for the management 
of convulsive seizures and status epilepticus, published in 
Journal of the American Medical Association (76).

Evidence-based Guidelines. Over the last 20 years each 
medical specialty, nonprofit organization, and govern-
ment agency that has developed evidence-based guide-
lines has used the same general approach but slightly 
different specific methodology. A common backbone 
for the development of evidence-based guidelines is 
shown in Figure 31-2. The process starts with selecting 
a topic and then a panel of experts; these experts develop 
clinical questions based on the topic. A comprehensive 
review of the literature is then performed, and identified 
articles are abstracted according to a stylized format. 
The abstracted data are placed in evidence tables and the 
articles are rated. Based upon the identified evidence and 
a predetermined methodologic approach to interpreta-
tion, the panel of experts then develops recommenda-
tions and algorithms. The algorithms are distributed for 
extensive peer review and undergo external validation. 

FIGURE 31–2

Sequence of steps involved with developing an evidence-based guideline.
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After feedback is received and incorporated, the guide-
lines are disseminated into the community.

Examples of Evidence-based Guidelines. Since 1996, the 
American Academy of Neurology (AAN) has produced 
14 evidenced-based guidelines focused on some aspect 
of epilepsy and its evaluation or treatment. There have 
been treatment guidelines addressing the use of the newer 
AEDs in new-onset epilepsy (77, 78), the use of the newer 
AEDs (and felbamate) in refractory epilepsy (79–81), and 
the treatment of infantile spasms (82). The International 
League Against Epilepsy (ILAE) published an evidence-
based guideline on the treatment of new-onset epilepsy 
of all seizures types and all ages (1). Other important 
epilepsy guidelines have been published by the Scottish 
Intercollegiate Guidelines Network (SIGN; http://www.
sign.ac.uk/) (83) and the National Institute for Clinical 
Excellence (NICE; http://www.nice.org.uk/).

Limitations of Evidence-Based Medicine

Problems with Evidence-based Guidelines. The above 
approach is a thumbnail sketch of the process. When 
viewed in detail, many issues arise that impact on the 
practical application of evidence-based guidelines to clini-
cal care. These issues involve topic selection, conflict of 
interest, question formation, grading criteria for studies, 
and criteria for assessing strengths of recommendation.

The process begins with a sponsoring organization 
picking a topic. The topic must have significance (e.g., 
there is a gap or controversy between current practice and 
the existing evidence) and feasibility (there is sufficient 
medical evidence to try to answer the question). Epilepsy 
topics often have the former but not the latter. As such, 
epilepsy guidelines may end up with no clinically relevant 
conclusion because of lack of evidence. This outcome is 
frustrating for clinicians seeking guidance for a clinical 
problem in a specific patient.

The multidisciplinary team of experts can include 
physicians, nurses, doctors of pharmacy, clinical phar-
macologist, statisticians, epidemiologists, health care 
economists, consumers, and patient representatives. Not 
every team needs to have all members from each of these 
constituencies, but the greater the variety of constituen-
cies involved, the more comprehensive and wide ranging 
the impact of the guideline may be. One problem these 
teams face are real or perceived conflicts of interest. It 
is easy to allow bias to subtly affect selection criteria 
or study interpretation. A guideline’s credibility is only 
as good as the credibility of its authors. Panel mem-
bers need to declare these real or perceived conflicts of 
interest in order not to jeopardize the project’s credibil-
ity. Different guidelines set different time frames. For 
example, for the AAN, conflicts must be declared for 
the past 5 years.

Once the topic has been selected and a team 
assembled, clinical questions must be formed. The clini-
cal question is often formulated as a five-part PECOT-
structured question. These letters stand for Patient/
Participants/Population, Exposure/Interventions, Com-
parison, Outcomes, and Time. For example a typical 
PECOT-structured question would be: “For children 
with partial onset seizures (P), which antiepileptic drug 
(E) compared to an adequate comparator (C) provides 
the highest efficacy (O) over the first year of exposure 
(T)?” Formulation of this specific clinical question is 
one of the key aspects of the guideline. Two separate 
guidelines formulating clinical questions on the same 
topic can produce different conclusions if their PECOT 
questions are framed differently. It is critical to under-
stand the question asked by the guideline when assessing 
the guideline’s clinical utility for any particular patient.

Different organizations (and their guidelines) have 
different strategies on how to score, grade, and rate the 
evidence found, along with the studies generating it. In 
general, most scoring systems rank studies according 
to the number of “major” or “minor” variables pres-
ent or absent in a study; these variables are factors that 
impact on the reliability, verifiability, and objectivity of 
the outcome. For example, major variables include the 
use of randomization, the use of control groups, the use 
of masked outcome assessments (blinding), the use of 
adequate comparators, and adequate enrollment to detect 
differences (if they exist) between treatment groups. 
Minor variables include a clearly defined primary out-
come variable, clearly stated inclusion and exclusion crite-
ria, addressing of baseline differences between treatment 
groups, adequate duration of assessment (e.g., in the case 
of infrequent seizure activity at baseline), and adequate 
handling of patients who drop out of the study.

In general, studies receiving the top grade are RCTs 
with the best evidence that meets all major and minor 
criteria. Studies receiving the next best grade are RCTs 
that are missing some minor criterion. Trials in the third 
ranking are those missing some major criterion. The low-
est ranked studies are missing most or all major criteria or 
are only expert opinion. There is significant variability in 
these grading and rating scales across different guidelines. 
The AAN and ILAE methods of grading clinical trials are 
shown in Tables 31-1 and 31-2.

Last, after all the relevant studies have been 
abstracted, analyzed, and graded, the panel of experts 
must translate the evidence into recommendations. The 
strength of these recommendations is determined using 
a predetermined scoring system, which can vary between 
organizations (AAN’s scoring for strength of recommen-
dations is shown in Table 31-1; ILAE’s scoring system is 
shown in Table 31-3). There are usually four to five levels 
of recommendations and usually at least one recommen-
dation per question.
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Although guidelines use a common methodologic 
backbone, it is hard to compare guidelines from different 
organizations for the same topic because different PECOT 
questions are asked, variability in rating and grading 
scales occurs, and strength of recommendation criteria 
frequently differ between organizations. Both the ILAE 
and the AAN/American Epilepsy Society (AES) guidelines 
use appropriate methodology to provide evidence-based 
recommendations to specifically address clinically relevant 
questions. A comparison of the AAN/AES and the ILAE 

guidelines for the initial monotherapy treatment of epi-
lepsy is shown in Figure 31-3. Although both guidelines 
dealt with pediatric epilepsy in some form, there were 
significant differences between the guidelines in terms of 
drugs examined, scoring system used, and key variables 
assessed. In addition, cost was never factored into either 
guideline. This is just one example of how two guidelines 
addressing the same topic can be dramatically different 
based on specific aspects of their methodology. These dif-
ferences in guideline methodology lead to clear differences 

TABLE 31-1
Relationship Between Clinical Trial Ratings, Level of Evidence, and Conclusions for AAN Guidelines (77, 78)

 TRANSLATION OF EVIDENCE
CONCLUSION AND RECOMMENDATION TO RECOMMENDATION RATING OF ARTICLE

Conclusion: Level A: Established as 
effective, ineffective or harmful for 
the given condition in the specified 
population

Recommendation:
Should be done or 
 should not be done

Conclusion: Level B: 
Probably effective, ineffective or 

harmful for the given condition in 
the specified population

Recommendation:
Should be considered or should not
 be considered

Conclusion: Level C: 
Possibly effective, ineffective or 

harmful for the given condition in 
the specified population

Recommendation:
May be considered or may not be 
 considered

Conclusion: Level U:
Data inadequate or conflicting. Given 

current knowledge, treatment is 
unproven.

Recommendation:
None

Level A rating:
Two or more consistent Class I
 studies 

Level B rating: 
At least one Class I study OR
Two consistent Class II studies

Level C rating: 
At least one Class II study OR
Two consistent Class III studies

Level U: Studies not meeting
 criteria for Class I–Class III

Class I: Prospective, randomized,
 controlled clinical trial with
 masked outcome assessment, in
 a representative population. The
 following are required:
 a.  Primary outcome(s) is/are 

clearly defined,
 b.  exclusion/inclusion criteria are 

clearly defined,
 c.  adequate accounting for drop-

outs and crossovers with num-
bers sufficiently low to have 
minimal potential for bias

 d.  relevant baseline character-
istics are presented and sub-
stantially equivalent among 
treatment groups or there is 
appropriate statistical adjust-
ment for differences.

Class II: Prospective matched group
 cohort study in a representative
 population with masked outcome
 assessment that meets criteria a–d.
 above OR an RCT in a representa-
 tive population that lacks one
 criteria of a–d.

Class III: All other controlled trials
 (including well-defined natural
 history controls or patients serving
 as own controls) in a representative
 population, where outcome is inde-
 pendently assessed, or indepen-
 dently derived by objective outcome
 measurements.

Class IV: Evidence from uncontrolled
 studies, case series, case reports, or
 expert opinion.
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TABLE 31-2
Rating Scale of Evidence for Potentially Relevant Studies for ILAE Guideline on Initial Monotherapy for 

Adults and Children with Epilepsy (1)

CLASS CRITERIA

I A prospective, randomized, controlled clinical trial (RCT) or meta-analysis of RCTs, in a 
  representative population that meets all 6 criteria:
   1. Primary outcome variable: efficacy or effectiveness
   2. Treatment duration: 
48 weeks
   3. Study design: Double blind
   4.  Superiority demonstrated or if no superiority demonstrated the study’s actual sample size was 

sufficient to show non-inferiority of no worse than a 20% relative difference in effectiveness/
efficacy (see text for detailed explanation of this detectable noninferiority boundary)

   5. Study exit: Not forced by a predetermined number of treatment emergent seizures
   6. Appropriate statistical analysis

II An RCT or meta-analysis meeting all the Class I criteria except that
   1.  No superiority was demonstrated and the study’s actual sample size was sufficient

only to show non-inferiority at a 21% to 30% relative difference in effectiveness/efficacy 
   OR
   2. Treatment duration: 
24 weeks but <48 weeks

III An RCT or meta-nalysis not meeting the criteria for any Class I or Class II category (e.g., an open
   label study or a double blind study with either a detectable noninferiority boundary of �30% or 

forced exit criteria)

IV Evidence from nonrandomized, prospective, controlled or uncontrolled studies, case series, or expert 
  reports.

in guideline conclusions and recommendations. Table 31-4 
compares treatment recommendations for pediatric sei-
zure types and epilepsy syndrome for three evidence-based 
guidelines (ILAE guidelines [1], SIGN [83], and the NICE), 
two national surveys (Pediatric Expert Consensus survey 
[84] and a French national survey [85]), and the United 
States Food and Drug Administration (FDA). Although 
trends are noted for some AEDs for certain seizure or epi-
lepsy types, there are clear disagreements. It is critical to 
understand a guideline’s questions and methodology before 
incorporating its recommendations into the evidence-based 
medicine decision-making process.

Problems with EBM Itself. EBM relies heavily on the 
power of RCTs. There are many benefits to this: RCTs 
tend to minimize bias that can affect the trial’s outcome, 
they minimize the impact of variability, and they give better 
information than anecdotal medicine. In short, RCTs 
improve the chances of getting the “right answer.” However, 
there are significant limitations with RCTs. The RCT trial 
may not ask the “right question,” may not pick a clinically 
significant treatment effect, and does not explain the factors 
underlying intersubject variability in response to therapy. 
RCTs look for population effects. The study population size 
in most RCTs is selected to answer only one specific ques-
tion; any alternative questions and analyses may not show 
any treatment effect because they are underpowered.

There are critics of the EBM approach in general. 
Some believe that:

 1. Knowledge gained from clinical research and clini-
cal reviews is not directly applicable to the care of 
individualized patients (23).

 2. EBM will be used as an objective (yet incomplete) 
method by which insurers could approve or deny 
payment for care (86, 87).

 3. EBM is impossible to practice because of the time 
demands, financial issues, and patient variability 
seen outside academic centers (8).

 4. EBM is “cookbook” medicine (8).
 5. EBM is limited because it relies primarily on ran-

domized trials and meta-analyses (8).

Many convincing arguments exist rebutting these con-
cerns. However, EBM is still a young discipline, and much 
work still must be done before it becomes the standard 
approach for medical care for patients with epilepsy.

CONCLUSION

Evidence-based medicine is a powerful approach that can 
help clinicians reach personalized clinical decisions for their 
patients with epilepsy. Systematic reviews, evidence-based 
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TABLE 31-3
Relationship Between Clinical Trial Ratings, Level of Evidence and Conclusions for ILAE Guideline on 

Initial Monotherapy for Adults and Children with Epilepsy (1)

   RECOMMENDATION (BASED ON

COMBINATION(S) OF CLINICAL LEVEL OF  EFFICACY AND EFFECTIVENESS

TRIAL RATINGS EVIDENCE CONCLUSIONS DATA ONLY)


1 Class I studies or meta-analysis 
meeting Class I criteria sources 
OR 
 2 Class II studies

1 Class II study or meta-analysis
 meeting Class II criteria


2 Class III double-blind or open
 label studies

1 Class III double blind or open
 label study OR 

1 Class IV clinical studies OR 
Data from expert committee

reports, opinions from 
experienced clinicians

Absence of directly applicable
 clinical evidence upon which to
 base a recommendation

Positive evidence of lack of efficacy 
or effectiveness based on Class I
to IV studies OR Significant risk 
of seizure aggravation based on 
Class I to IV studies

A

B

C

D

E

F

AED established as 
efficacious or effective as ini-
tial monotherapy

AED probably efficacious or
effective as initial monotherapy

AED possibly efficacious 
or effective as initial mono-
therapy

AED potentially efficacious or
 effective as initial monotherapy

No data available to assess if
AED is effective as initial 
monotherapy

AED established as ineffective 
or significant risk of seizure 
aggravation

AED should be considered for initial
 monotherapy—First-line
 monotherapy candidate

AED may be considered for initial
monotherapy—Alternative
first-line monotherapy candidates

Weak efficacy or effectiveness data
available to support the use of the
AED for initial monotherapy

Either no data or inadequate efficacy 
or effectiveness data available to 
decide whether AED could be con-
sidered for initial monotherapy

AED should not be used for initial
 monotherapy

FIGURE 31-3

Comparison of AAN/AES guideline (77) and ILAE guideline (1) for initial monotherapy in children and adults with new-onset 
epilepsy.



438 IV • GENERAL PRINCIPLES OF THERAPY

guidelines, and practice parameters are critical tools for prac-
ticing evidence-based medicine. However, these “external” 
knowledge sources should not be used alone; they need to 
be integrated with a clinician’s experience and background, 
with both AED-specific factors (“internal” knowledge) and 
patient-specific variables (“interface” knowledge) to select 
the appropriate antiepileptic medication for a patient.

Clinical decisions should not be driven by only one 
type of knowledge. For example, ignoring evidence-based 
guidelines and practice parameters can lead to practicing 
anecdotal medicine. In contrast, ignoring one’s own  clinical 

TABLE 31-4
Comparison of Evidence Based and Consensus Guidelines Recommendations for the Treatment for different 

pediatric seizure types and epilepsy syndromes. (ref. 84)

SEIZURE TYPE OR PEDIATRIC   
EPILEPSY  EXPERT CONSENSUS    FRENCH FDA
SYNDROME SURVEY ILAE SIGN NICE STUDY APPROVED

Partial-onset OXC, CBZ A: OXC;  PHT, VPA, CBZ, VPA, OXC, CBZ, PB, PHT,
  B: none  CBZ  LTG  LTG  CBZ
  C: CBZ, LTG, TPM, OXC, OXC, TPM, (adult males) OXC, TPM
   PB, PHT  VGB, CLB
   TPM, VPA

BECT OXC, CBZ A, B: none not specifically CBZ, OXC, not surveyed none
  C: CBZ,  mentioned  LTG, VPA
   VPA

Childhood absence ESM A, B: none VPA, ESM,  VPA, ESM, VPA, LTG ESM, VPA
 epilepsy    LTG  LTG

Juvenile myoclonic VPA, LTG A, B, C:  VPA, LTG, VPA, LTG VPA, LTG TPM
 epilepsy   none  TPM

Lennox-Gastaut VPA, TPM, not reviewed not specifically LTG, VPA, not surveyed FLB, TPM, 
 syndrome  LTG   mentioned  TPM   LTG

Infantile spasms VGB, ACTH not reviewed not specifically VGB,  not surveyed none
    mentioned  corticosteroids

ACTH, adrenocorticotropin; CBZ, carbamazepine; CLB, clobazam; ESM, ethosuximide; FLB, felbamate; LTG, lamotrigine; OXC, oxcar-
bazepine; PB, phenobarbital; PHT, phenytoin; TPM, topiramate; VGB, vigabatrin; VPA, valproic acid.

experience in favor of solely relying on guidelines and practice 
parameters can lead to a cookbook approach. The physician’s 
background, the patient’s characteristics, each AED’s char-
acteristics, and evidence-based evaluations are all important 
components of making the best patient care decisions.

Through better understanding of guidelines and 
practice parameter methodology, clinicians should feel 
more comfortable integrating these evidence-based 
assessments into their clinical decision-making process. 
Practicing evidence-based medicine should lead to better 
personalized and comprehensive care of our patients.
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Combination Drug 
Therapy: Monotherapy 
Versus Polytherapy

he trends of predominant combi-
nation therapy versus predominant 
monotherapy in the medical treat-
ment of epilepsy can be histori-

cally divided into three sequential currents. Following 
the introduction of phenytoin in 1938, several addi-
tional antiepileptic drugs (AEDs) became available, and 
patients whose seizures were not controlled by one drug 
were commonly prescribed multiple drugs. It is likely 
that the rationale for this approach was mostly based 
on the assumption that AEDs interact synergistically 
and that multiple drugs can provide more seizure pro-
tection together than one drug alone. This reasoning 
does not take into account the undesirable other side 
of this equation—namely, that multiple drugs can pro-
vide more side effects together than one drug alone. 
Therefore, the concept of monotherapy and sequential 
monotherapy gained wide acceptance in the late 1970s 
and early 1980s, because the frequent negative impact 
of polytherapy on the number and intensity of side 
effects was increasingly recognized. Recommendations 
for monotherapy were based on repeated observations 
that the severity or number of side effects often dimin-
ished following a reduction in the number of AEDs, in 
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most cases without appreciable loss in seizure control 
(1–6), and that the beneficial effect of adding a second 
drug after the failure of a first drug was modest (7). 
Patients who had undergone a temporal lobe resection 
were randomized to ongoing polytherapy or to reduc-
tion to carbamazepine monotherapy (8). The seizure 
recurrence rate was the same in both groups, but drug-
related side effects were less common in the monotherapy 
group (10%) than in the polytherapy group (30%). The 
concept of monotherapy was extended to the practice of 
“high-dose monotherapy” (9). However, two main fac-
tors prompted the transition to a third era: (1) the real-
ization that about one-third of patients still remained 
refractory even to high-dose monotherapy, and (2) the 
release of several newer AEDs after 1993 with fewer 
or no pharmacokinetic interactions. In the 1990s, the 
concept of “rational polytherapy” was promoted, with 
intense discussion and speculation but few rigorous 
clinical studies. When single-drug therapy fails to ren-
der patients seizure free, the temptation to combine 
AEDs will endure. Because of this, it will always remain 
important to evaluate and identify potentially beneficial 
specific drug combinations and to carefully assess the 
advantages and disadvantages of AED combinations.

T
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DISADVANTAGES OF COMBINATION 
DRUG THERAPY

Pharmacokinetic Interactions

Adding or removing a drug from the treatment regi-
men may alter the established relationship between dose 
and blood level of drugs already in use, either AEDs 
or other drugs. In general, pharmacokinetic interac-
tions make more frequent drug level determinations and 
dosage readjustments necessary, and they also increase 
the probability of the occurrence of a drug level that 
is either too low or too high. It is more likely that an 
interaction will be overlooked when a drug causing an 
interaction is removed than when it is added. It should 
also be noted that enzyme-inducing drugs cause interac-
tions that reach their maximum only after days to weeks 
and are only slowly reversible, whereas enzyme inhibi-
tors cause reactions that reach their full impacts within 
hours to a few days and are rapidly reversible. Most 
newer AEDs have a lower potential for interactions, in 
particular for enzyme induction, and some have prac-
tically no interactions. Pharmacokinetic interactions 
are reviewed in detail in Chapter 39. Pharmacokinetic 
interactions are only rarely beneficial. For instance, the 
inhibitory effect of valproate on lamotrigine kinetics 
can have the theoretical advantages of reducing the 
fluctuations of the levels of lamotrigine by prolong-
ing its elimination half-life and of reducing the dosage 
requirements of lamotrigine for a desired blood level. In 
most instances, however, pharmacokinetic interactions 
are at best harmless and only if they are anticipated 
or recognized early. Valproate levels are particularly 
sensitive to comedication with enzyme-inducing drugs, 
especially in children. Even at very high doses of more 
than 100 mg/kg/day, some children cannot achieve ther-
apeutic levels of valproate when in combination therapy 
with enzyme-inducing drugs (10). The carbamazepine 
dose-to-level ratio can also be markedly affected by 
inducing drugs, and the increased dose requirement 
is associated with an increase in the concentration of 
the active metabolite carbamazepine-10,11-epoxide. 
The accelerated biotransformation of such drugs as 
valproate and carbamazepine usually shortens their 
half-life and lowers their concentration, causing larger 
fluctuations in blood levels between doses. Larger 
fluctuations may increase the risk of seizures just before 
the dose or increase the risk of toxic side effects at 
the time of the peak level. Inversely, the inhibition of 
lamotrigine elimination by valproate increases the level-
to-dose ratio of lamotrigine and is likely to be respon-
sible for the observed increase in the incidence of rashes 
associated with lamotrigine (11), an observation that 
led to a downward readjustment of the titration rate 
of lamotrigine dosage in these patients.

Cumulative Toxicity

Experimental data on the pharmacodynamic interactions 
of AEDs suggest that neurological toxicity is often addi-
tive, although it can be at times infra-additive or supra-
additive (12) (Table 32-1). This finding implies that two 
drugs with a concentration in the recommended thera-
peutic range are more likely to cause side effects than 
each drug alone at the same concentration. Correspond-
ingly, in several clinical studies in which polypharmacy 
was reduced, there was an associated decrease in side 
effects, especially a reduction in sedation (2, 3, 5, 6). 
This increased alertness was especially apparent after 
withdrawal of barbiturates or benzodiazepines (4). Con-
trolled monotherapy trials with some of the newer AEDs 
have demonstrated a lower incidence of side effects than 
in the corresponding add-on trials with the same drug. 
The notion of cumulative toxicity becomes particularly 
important if one considers the fact that toxicity is often 
subtle and can be associated with chronic impairment of 
cognitive function (13).

In addition to cumulative toxicity, when two or 
more drugs are prescribed together, there is a greater 
likelihood that one of the drug concentrations will even-
tually be in the toxic range. In a longitudinal study of 
children with epilepsy, the number of children with one 
or more drug levels in the toxic range increased with the 
numbers of drugs prescribed (14). Toxic levels occurred in 
14% of those taking one drug, 50% of those taking two 
drugs, and 100% of those taking three or more drugs. 
Therefore, polytherapy is likely to increase the frequency 
of dose-related side effects. It also increases the prob-
ability of idiosyncratic adverse effects and organ toxic-
ity. Deckers and coworkers (15) reviewed the literature 
to reassess the relationship between AED polytherapy 
and adverse effects. They found some evidence suggest-
ing that the toxicity of polytherapy may be related to 
total drug load (that is, total dose of all drugs) rather 
than to the number of drugs. In other words, one drug 
at a relatively high dose may cause more adverse effects 
than two drugs at low doses. Combination therapy may 
result not only in stronger side effects but also in more 
side effects of different types. For example, a given patient 
could have thrombocytopenia from valproate, nephro-
lithiasis from topiramate, and gingival hyperplasia from 
phenytoin. However, one could also observe cancellation 
of opposite side effects of different drugs, as for instance 
a normalization of excessive weight on valproate after 
the introduction of topiramate, the latter being known 
to potentially cause excessive weight loss.

Differences in Therapeutic Range

The therapeutic range is a statistical compromise based on 
studies of groups of patients. It provides loose guidelines 
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with regard to the minimal effective concentration and 
the concentration at which side effects become frequent. 
Based on the experimental evidence for additive interac-
tions between AEDs, it is unlikely that the therapeutic 
range of a drug will be the same when it is taken alone 
as when it is taken in combination with other drugs. 
Polytherapy is more likely to be associated with toxic-
ity when drug levels are within the therapeutic range. 
Clinical observations indeed suggest that toxic side effects 
from carbamazepine or phenytoin (9) and from valproate 
(16) appear at higher levels when these drugs are taken 
alone. Therefore, when side effects occur at a certain level 
of a drug during combination therapy, this finding does 

not necessarily imply that the side effects will recur at 
similar levels in monotherapy in the same patient.

Interpretation of Drug Effect

In patients on AED polytherapy, it may be difficult to 
determine which drug has caused a reduction in seizure 
frequency and which drug is responsible for side effects, 
unless the adverse reaction is unique to one of the drugs. 
Idiosyncratic toxic reactions, such as an allergic rash, do 
not necessarily appear promptly after the introduction 
of a new drug; therefore, they may not necessarily be 
caused by the last drug added to the regimen. This can 

TABLE 32-1
Pharmacodynamic Interactions Between Antiepileptic 

Drugs in Animal Models

 INTERACTION

OLDER DRUGS ANTIEPILEPTIC NEUROTOXIC REFERENCE

PHT � PB Additive Infra-additive 23
PHT � CBZ Additive Additive 24
CBZ � PB Additive Additive 25
VPA � PB Additive Additive 26
VPA � ESM Additive Infra-additive 27
VPA � CBZ Additive Infra-additive 26
VPA � PHT Supra-additive Additive 28
VPA � CZP Supra-additive Supra-additive 29
ESM � CZP Supra-additive Supra-additive 29
CBZ � CBZ-E Additive Additive 30
PRM � PB Supra-additive Infra-additive 31
PB � PEMA Supra-additive Supra-additive 31

 INTERACTION

NEWER DRUGS ANTIEPILEPTIC NEUROTOXIC REFERENCE

LTG � TPM Supra-additive Infra-additive 32
LTG � VPA Supra-additive Infra-additive 32
LTG � CBZ Infra-additive Additive 32
LTG � PB Supra-additive Supra-additive 32
LTG � PHT Additive Additive 32
TGB � GBP Supra-additive Additive 33
TPM � FBM Supra-additive Infra-additive 34
TPM � OXC Supra-additive Additive 34
OXC � FBM Infra-additive Additive 34
OXC � LTG Infra-additive Supra-additive 34
LTG � FBM Additive Infra-additive 35
OXC � GBP Supra-additive Additive 36
LEV � TPM Supra-additive  Infra-additive  37
LEV � CBZ Supra-additive  Infra-additive  37
LEV � OXC supra-additive  infra-additive  37

Reproduced, with permission from reference Levy and Bourgeois (12).
CBZ, carbamazepine; CBZ-E, carbamazepine epoxide; CZP, clonazepam; ESM, ethosuximide; 

FBM, felbamate; GBP, gabapentin; LEV, levetiracetam; LTG, lamotrigine; OXC, oxcarbazepine; PB, 
phenobarbital; PEMA, phenyo-ethyl-malonamide (primidone metabolite); PHT, phenytoin; PRM, 
primidone; TGB, tiagabine; TPM, topiramate; VPA, valproate.
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create a dilemma, especially when two drugs known for 
their potential for allergic reactions have been introduced 
within a relatively short time interval. These problems are 
compounded by frequent dose changes and short periods 
of observation. A carry-over effect or delayed maximal 
efficacy of a drug contributes to confusion when several 
drugs are prescribed simultaneously.

Idiosyncratic Toxic Reactions

Idiosyncratic adverse side effects of drugs are not dose 
related. Certain idiosyncratic reactions are more likely 
to occur when two drugs are taken in combination. As 
mentioned earlier, valproate can increase the incidence of 
rashes associated with lamotrigine (11). Also, the com-
bination of valproate with other AEDs, more often than 
valproate monotherapy, can result in a dramatic encepha-
lopathic state that does not result from toxic drug levels 
or from a pharmacokinetic interaction (16, 17). This is 
characterized by alteration of consciousness, usually a 
stuporous state, and by sudden and pronounced slowing 
of the background activity in the electroencephalogram. 
It is important to recognize the cause of these stupor-
ous episodes because they are rapidly reversible upon 
discontinuation of valproate or of the last introduced 
drug. The mechanism of this encephalopathy has not 
been elucidated, but it does not appear to be related to 
hyperammonemia. Finally, one of the disadvantages of 
taking two or more drugs is the higher cost. For patients 
who are prescribed multiple drugs for several years, this 
is a tangible factor and there must be some evidence that 
the higher cost is associated with an increased benefit.

There can also be an exacerbation of the dose-related 
side effects of one AED by another. In two reports, an 
increase in the known tremor associated with valproate 
therapy was described following the addition of lamotrig-
ine (18, 19). Also, an increase in side effects characteristic 
of carbamazepine, but not of levetiracetam, was noted in 
four patients after the addition of levetiracetam to carba-
mazepine (20), and after the addition of lamotrigine to 
carbamazepine (21). Finally, three patients experienced 
chorea while taking phenytoin and lamotrigine in com-
bination only, with resolution when either one of the 
medications was withdrawn (22).

POTENTIAL ADVANTAGES OF 
COMBINATION DRUG THERAPY

Compared with single-drug therapy there are two poten-
tial advantages of combination drug therapy: better sei-
zure control or a similar degree of seizure control with 
fewer dose-related side effects. For any combination of 
AEDs to meet either of these criteria, the particular com-
bination must have either a wider antiepileptic spectrum 

or a better therapeutic index than either drug alone. 
For example, a patient with both primarily generalized 
tonic-clonic seizures and myoclonic seizures who failed 
to have both seizure types controlled by lamotrigine 
alone or by clonazepam alone might do well on both 
drugs. Although lamotrigine may not have controlled 
the myoclonic seizures and clonazepam may not have 
controlled the generalized tonic-clonic seizures, together 
they may complement each other and have a wider anti-
epileptic spectrum than either one alone. In another 
hypothetical case, consider a patient whose partial 
seizures were not controlled by the maximal tolerated 
doses of either levetiracetam alone or oxcarbazepine 
alone, leading to both drugs being prescribed together. 
If the seizures can be controlled by the combination of 
levetiracetam and oxcarbazepine at doses tolerated by 
the patient, a superior therapeutic index for the combi-
nation of levetiracetam and carbamazepine would have 
been demonstrated. Unfortunately, there are very few 
data in the clinical literature demonstrating for any com-
bination of AEDs a better effectiveness than for either 
drug alone. Furthermore, although a great deal of infor-
mation is available on the pharmacokinetic interactions 
between AEDs, less is known about pharmacodynamic 
interactions—interactions that occur in the central ner-
vous system—because they are more difficult to quan-
tify. However, increasing attention is being paid to the 
theoretical, experimental, and clinical background for 
the practice of combining AEDs.

A supra-additive pharmacodynamic interaction 
(potentiation or synergism) between two drugs with 
regard to their protective effect against seizures has often 
been used as supportive evidence that these two drugs 
represent a superior combination. However, this anti-
epileptic interaction in itself has little meaning unless the 
neurotoxic effects are also evaluated. If toxicity is also 
supra-additive to a same or greater extent as the antiepi-
leptic effect, the therapeutic index of the combination is 
equal to or inferior to the therapeutic index of each drug 
alone. In other words, at the same level of neurotoxic-
ity, the drug combination does not provide more seizure 
protection than either of the two drugs alone. Clinically, 
it is very difficult to study the individual and combined 
therapeutic index of AEDs, because both seizure protec-
tion and neurotoxic side effects of single drugs and of 
combinations of drugs must be assessed quantitatively 
in a homogeneous population of patients with epilepsy. 
Therefore, most of the available information on the 
pharmacodynamic effect of combining AEDs has been 
obtained from animal experiments.

Experimental Studies

Table 32-1 summarizes the results of studies on anti-
epileptic and neurotoxic interactions between many of 
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the established and newer AEDs, including interactions 
between drugs and their active metabolites (12, 23–37). 
All results in these studies are based on the analysis of 
brain drug concentrations in mice. Seizure protection 
was assessed by standardized experimental seizure mod-
els. Neurotoxicity was assessed by various standardized 
models of motor incoordination in animals. Although this 
is a rough assessment of dose-related neurotoxicity, there 
is no reliable animal model that reflects the scope of dose-
related neurotoxicity of AEDs in humans. The methods 
used for the quantitative assessment of the pharmacody-
namic drug interactions were either the isobolographic 
analysis, the fractional effective concentration index, or 
both (23, 25, 27).

The majority of the neurotoxic interactions are 
additive or infra-additive, less commonly supra-addi-
tive. Thus, in most instances, neurotoxicity of AEDs 
is not potentiated when they are combined. Inversely, 
antiepileptic interactions are mostly additive or supra-
additive, less commonly infra-additive. Drug pairs with 
supra-additive antiepileptic interactions can be advanta-
geous even when the neurotoxic interaction is additive. 
When the antiepileptic interaction is additive, only com-
binations with an infra-additive neurotoxic interaction 
can have a better protective index than the single drug. 
According to Table 32-1, several pairs of drugs appear 
to meet these criteria for an advantageous combination 
in this animal model. When carrying out such studies 
of pharmacodynamic interactions, drug concentrations 
and not doses must be used because of the effect of pos-
sible pharmacokinetic interactions. For example, earlier 
studies of the antiepileptic interaction between phenytoin 
and phenobarbital, based on the analysis of doses admin-
istered, suggested a supra-additive interaction. A purely 
additive interaction was found when brain levels were 
measured in two independent studies (23, 38). Indeed, an 
acute elevation of the phenytoin level-to-dose ratio in the 
presence of phenobarbital could be demonstrated (23).

The combinations of clonazepam with valproate 
and clonazepam with ethosuximide were also tested in 
mice (29). Nonprotective and nontoxic doses of clonaz-
epam increased the protective effect and the neurotoxicity 
of valproate and ethosuximide, indicating supra-additive 
effects. The two drug combinations had a better protec-
tive index than each drug alone despite supra-additive 
neurotoxicity. Using a similar model, Gordon and cowork-
ers (39) studied pharmacodynamic interactions between 
felbamate and phenytoin, carbamazepine, valproate, and 
phenobarbital. They found that nonprotective doses of 
the latter four drugs decreased the median effective dose 
(ED50) values of felbamate against maximal electroshock 
seizures. However, neurotoxicity was not potentiated, 
and the protective index of felbamate was more than 
doubled by the addition of any one of the four drugs. 
Although the analysis was based on doses, the authors 

did measure plasma drug levels and demonstrated the 
absence of pharmacokinetic interaction.

Clinical Studies

The results of the above studies in animals cannot be 
extrapolated to patients. There have been very few clini-
cal studies of AED combinations based on systematic 
comparisons between the effect of two drugs adminis-
tered both in monotherapy and their effect in combi-
nation. Comparing the effect of adding a second drug 
with the result of monotherapy with the first drug is not 
sufficient to demonstrate the superiority of the combina-
tion. Success with add-on therapy should be considered 
as success of alternative therapy until proven otherwise. 
In 30 adult patients who had failed to respond to the 
maximal tolerated dose of carbamazepine, phenytoin, 
phenobarbital, or primidone, a second drug (carbam-
azepine, phenytoin, phenobarbital, primidone, valproic 
acid, clonazepam, or clobazam) was added, if neces-
sary up to the maximum tolerated dose (7). A reduction 
in seizure frequency by 75% or more was observed in 
4 patients (13%). However, no patient became seizure 
free, and 3 patients (10%) experienced an increase in 
seizure frequency by more than 100%. In a study of 
157 patients whose seizures were not controlled on a 
monotherapy, their treatment was randomized to alter-
native monotherapy or to adjunctive therapy (40). The 
outcome in the two groups in terms of seizure control and 
adverse effects did not differ. Schapel and coworkers (41) 
evaluated the combination of vigabatrin with lamotrigine 
in 42 patients with intractable epilepsy. On the combina-
tion, the median seizure frequency was reduced by 18% 
when vigabatrin was added to lamotrigine (n 	 27) and by 
24% when lamotrigine was added to vigabatrin (n 	 15). 
However, this study does not document superiority of 
the combination. Because patients did not receive both 
drugs in monotherapy before the combination, the results 
may just reflect the effect of the second drug added, not 
of the combination.

In a sequential study, some patients whose seizures 
were not controlled by valproate alone and by carbam-
azepine alone had a response to the combination of these 
two drugs (42). The combination of carbamazepine and 
phenytoin was assessed in a well-designed study, which 
was published only as an abstract (43). Initial treatment 
in 100 newly diagnosed patients was monotherapy with 
either carbamazepine or with phenytoin, in a randomized 
design. Fifty patients were not seizure free after 1 year 
and were switched to the other drug; 17 (34%) became 
seizure free. The remaining 33 patients received both 
medications, and only 5 (15%) were fully controlled. The 
potential benefit of the combination of carbamazepine 
with vigabatrin was assessed in newly diagnosed patients 
whose treatment was randomized to monotherapy with 
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either one of these two drugs (44). Seizure control was 
not achieved in 25 patients, but 11 of them (44%) became 
seizure free when switched to the other drug. The remain-
ing still refractory 14 patients were treated with the two 
drugs in combination, and 5 (36%) achieved full seizure 
control.

At least two clinical studies provided evidence sug-
gestive of a synergism between valproate and lamotrigine. 
Brodie and Yuen (45) found evidence suggestive of a syn-
ergism between lamotrigine and valproate in a lamotrig-
ine substitution study. In 347 uncontrolled patients on 
monotherapy with valproate, carbamazepine, phenytoin, 
or phenobarbital, lamotrigine was added. An attempt 
was made to withdraw the first drug in patients with a 
50% or greater seizure reduction. A synergism between 
lamotrigine and valproate was suggested on the basis 
of two observations: (1) a significantly better response 
after adding lamotrigine to valproate than to carbamaze-
pine or phenytoin (P � 0.001), both for partial seizures 
(P � 0.02) and for generalized tonic-clonic seizures (not 
statistically significant), and (2) a poorer response after 
valproate was withdrawn. A smaller, but very systematic, 
study addressed the same combination (18). Valproate 
was added to a pre-existing drug regimen in 20 patients 
with refractory complex partial seizures. Only three expe-
rienced a �50% reduction in seizure frequency. Valproate 
was replaced by lamotrigine (added to the same pre-exisitng 
regimen) in the remaining 17 patients. A �50% seizure 
reduction was observed in 4 of the 17 patients. When val-
proate was reintroduced in addition to the lamotrigine in 
the remaining 13 patients, 8 of the patients had a favor-
able response, 4 had a �50% seizure reduction, and 4 
became seizure free.

Among the drugs used in the treatment of absence 
seizures, one clinical study suggests that the combination 
of valproate and ethosuximide is possibly beneficial. Five 
patients with absence seizures that had remained refrac-
tory to ethosuximide or to sodium valproate alone (or to 
both) became seizure free when the two drugs were com-
bined (46). The experimental evidence discussed earlier 
also suggests that valproate with ethosuximide is one of 
the combinations with a favorable protective index.

HOW SHOULD ANTIEPILEPTIC DRUG 
COMBINATIONS BE SELECTED?

Considering the fact that there are no definitive clini-
cal studies documenting the superiority of any specific 
drug combination, selecting a combination of two 
AEDs remains at the present time an educated guess 
at best. The choice may be based on several consid-
erations that include the mechanisms of action, the 
clinical spectrum of activity, side effects, and pharma-
cokinetic interactions.

The mechanism of action of AEDs has been suggested 
as a consideration for rational combinations (47, 48) based 
on the concept that drugs to be combined should have 
different mechanisms of action that could be complemen-
tary. This is an elegant hypothesis, which has never been 
proved experimentally or clinically. For the time being, 
choosing a drug combination based on the mechanisms 
of action remains purely hypothetical, and no specific 
drug pair can be recommended.

When a patient has two or more seizure types that 
cannot be controlled by one drug alone, two drugs can be 
selected according to their spectrum of efficacy. For each 
seizure type, the most effective and best tolerated drug 
should be selected. An example of epilepsy with multiple 
seizure types is Lennox-Gastaut syndrome. Valproate 
has long been a preferred drug in patients with Lennox-
Gastaut syndrome, but three drugs have now been shown 
in double-blind studies to be effective: felbamate (49), 
lamotrigine (50), and topiramate (51). Combinations 
between these four drugs might be more effective in reducing 
drop attacks as well as atypical absences and tonic seizures 
than only one drug alone. On the other hand, phenytoin 
and carbamazepine usually are not effective and can even 
exacerbate certain seizures in these patients (52).

The absence of pharmacokinetic interactions between 
two drugs certainly makes it easier to use them together. 
However, pharmacokinetic interactions are known and 
predictable, and it is the physician’s responsibility to make 
appropriate dosage adjustments, either as a corrective 
measure or preferably as a preventive measure. Therefore, 
pharmacokinetic interactions should not be a reason to 
avoid a drug combination that could be beneficial to the 
patient. Combinations to be avoided are those between 
drugs with similar side effects, such as barbiturates and 
benzodiazepines or barbiturates and topiramate (seda-
tion, cognitive effects), topiramate with zonisamide or 
acetazolamide (nephrolithiasis, acidosis, weight loss), 
or carbamazepine with oxcarbazepine (hyponatremia), 
valproate and gabapentin (weight gain).

As opposed to the classic concept of “high-dose 
monotherapy” (9), a concept of “low-dose polytherapy” 
could be advocated. The rationale would be that AEDs 
share their antiepileptic effect but do not always share 
their adverse effects. Therefore, if a patient has a good 
seizure response to two drugs in monotherapy, but with 
side effects, the two drugs might achieve the same seizure 
reduction together, at lower doses that could be below 
the clinical threshold for their side effects. An example 
would be a child with absence seizures who has throm-
bocytopenia or tremor at effective doses of valproate and 
persisting gastrointestinal side effects at effective doses of 
ethosuximide. The same seizure control without the side 
effects might be achieved with the two drugs at lower 
doses. Any two drugs with different side effects, but 
efficacy against the same seizure type, could be combined 
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according to this concept. This concept is supported by 
the experimental pharmacodynamic interaction studies 
described earlier. These studies have demonstrated that 
the neurotoxic pharmacodynamic interaction often does 
not parallel the antiepileptic pharmacodynamic interac-
tion (Table 32-1).

In conclusion, in view of the known disadvantages of 
combination therapy, the benefit of a given drug combina-
tion must be well documented in every patient if the com-
bination is to be maintained. To quote Meinardi (53), “at 
present, however, there are too many gaps in our knowl-
edge to make theoretical planning of [combination] drug 
therapy more promising than an empirical approach.” 
Drug combinations are best chosen by selecting the best 
drugs known to be effective against the patient’s sei-
zure type or seizure types. Rational polytherapy can-
not be predicted and must be documented for every 

patient according to the following definition: whether 
the patient does better in terms of seizure control versus 
side effects while taking drugs A and B together (at any 
dose) than the patient had done on drug A alone and on 
drug B alone at their respective optimal doses. However, 
there may be instances in which it would be appropriate 
to maintain a drug combination even when the above 
definition is not met. For instance, a patient may respond 
partially to a first drug and experience further improve-
ment after addition of the second drug, or the patient 
may become seizure free after addition of the second 
drug, despite lack of response to the first drug. In such 
cases, it is understandable that one may be reluctant to 
make any change. Finally, in clinical practice, the need 
to reduce overtreatment of patients with epilepsy may 
be at least as common as the need to find an appropriate 
drug combination (54).
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Adverse Effects of 
Antiepileptic Drugs

hildren with seizures and epilepsy 
commonly are treated with an anti-
epileptic drug. Although efficacy for 
some specific seizure types sometimes 

drives drug selection, the side effect profile of drugs and the 
potential for toxicity are important considerations. Parents 
and patients must receive adequate data so that they can 
participate in treatment decisions and provide informed con-
sent. Treatment must balance the goal of complete seizure 
control with drug toxicity during both acute and chronic 
treatment (1). Antiepileptic drugs cause nonspecific dose-
related responses, unique effects specific to a given drug, or 
rare but potentially dangerous idiosyncratic reactions. Drug 
treatment, in the absence of a specific history of allergy, is a 
task of trial and error. However, specific cellular mechanisms 
or metabolic abnormalities may account for some adverse 
drug effects.

Treatment requires accurate diagnosis followed by 
knowledgeable use of drugs based on pharmacokinetics 
and pharmacodynamics. Although the commonly used 
antiepileptic drugs are effective in many patients, efficacy 
of any selected drug for a specific patient cannot be pre-
dicted. Therefore, sequencing of treatment using several 
drugs often is required. Plasma levels guide treatment in 
some cases, but titration of dose, using development of 
dose-related symptoms as an endpoint, should be com-
pleted before a drug is declared ineffective.

L. James Willmore
James W. Wheless
John M. Pellock

Common problems can be anticipated, but danger-
ous, unexpected, and rare individual responses and reac-
tions require physicians to provide detailed information 
during the process of informed consent. Thus, all persons 
involved in the care of a patient must be informed in 
explicit terms about the potential for serious or even fatal 
reactions to drugs.

Adverse drug reactions (ADRs) are noxious effects 
occurring at dosages of drugs used appropriately in 
humans for prophylaxis, diagnosis, or therapy (2). Some 
of these reactions depend on pharmacokinetic effects, 
with dose-dependent responses that correlate with plasma 
blood levels of a drug.

Pharmacodynamic effects occur when target organ 
responses are altered in a way that is independent of 
plasma concentration; such effects may be unique to 
a drug or to an individual patient. Serious non-dose-
related ADRs cause drug-induced disease that may 
be acute or may occur following chronic treatment. 
Potentially fatal idiosyncratic reactions are listed in 
Table 33-1 (4).

Neurotoxicity, either dependent on dose or phar-
macodynamic in nature, may occur at the time of drug 
initiation, during dose escalation, or at the time of the 
peak in plasma levels. These mild and reversible effects 
include sedation, changes in behavior, tremor, vertigo, 
diplopia, nystagmus, ataxia, or even dysarthria (1, 5). 

C

33
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Dose-related neurotoxicity becomes a more commonly 
encountered problem if two or more antiepileptic drugs 
(AEDs) are used in combination. Monotherapy improves 
compliance, reduces total cost of medication, and may 
eliminate interactions that could cause additive adverse 
effects (6, 7). Monotherapy use of the commonly avail-
able AEDs results in seizure control in 50% to 80% of 
patients with epilepsy (8, 9).

Almost all AEDs have caused idiosyncratic  reactions
or drug allergy. Such reactions may be severe, unpre-
dictable, and although rare, may be life-threatening (3). 
Idiosyncratic responses to AEDs in a given patient are 
associated with cellular, immunologic, or enzymatic 
characteristics that are unique to that patient. Drug 
clearance by oxidation requires catalyzed effects of the 
microsomal membrane-bound mixed function oxidases 
that contain cytochrome P450 (10). The P450 terminal 
oxidases receive electrons from reduced nicotinamide 
adenine dinucleotide phosphate (NADPH) and reduced 
nicotinamide adenine dinucleotide (NADH). The het-
erogenicity of the P-450 system causes apparent speci-
ficity, with isozyme families produced by the same gene 
family. Some AEDs are metabolized through such mixed-
function oxidases, yielding either stable, unstable, or 
potentially reactive molecular species. The accumulation 
of reactive and toxic intermediates as a result of drug 
treatment is determined by genetically derived enzyme 
activities. Thus, metabolism of a ring compounds via 
arene oxidase with impairment of metabolism of the 
arene oxide product could occur with deficiency of the 
enzyme epoxide hydrolase. The arene form of phenyt-
oin has been implicated as a cause of hepatotoxicity, 
teratogenicity, bone marrow toxicity, and allergic skin 
reactions (11, 12).

AED hypersensitivity syndrome occurs early in the 
treatment with aromatic antiepileptic compounds. Compo-
nents include rash, fever, and eosinophilia and may include 
lymphadenopathy and life-threatening hepatic necrosis (13). 
Skin rash may or may not be pruritic and is in the form of 
an exanthema. More severe reactions include exfoliative 
dermatitis, erythema multiforme, Stevens-Johnson syn-
drome, or even toxic epidermal necrolysis (14). Adverse 
reactions of the idiosyncratic type tend to be immune-
mediated effects in a susceptible individual (15).

Mechanisms are not completely understood, but 
most rash and hypersensitivity syndromes probably are 
related to pharmacogenetic variation in drug biotrans-
formation (16). Immune involvement is suggested by the 
occurrence of a sensitization interval of 7–10 days after 
first exposure to a drug (17). In fact, T lymphocytes have 
been found in the perivascular infiltrate and epidermis 
(CD8C and CD4C) of patients with carbamazepine-
induced toxic epidermal necrolysis (17). Reactive metabo-
lites produced by bioactivation are cytotoxic by binding 
to microsomal proteins. Such covalent adducts are formed 
in hepatic cytochrome P-450–medicated reactions (15).

Antibodies to P450 enzymes, with epitopes such 
as anti-CYP2D6 and anit-CYP3A, have amino acid 
sequences similar to those of viral or fungal origin that 
suggest prior host-dependent immune responses to infec-
tion that are unique to a person’s human lymphocyte 
antigen (HLA) genotype (15). With exposure to a bioac-
tivated AED, a chemical modification of the P450 enzyme 
occurs. These effects may be from formation of reactive 
drug metabolites, free radical species, or impairment of 
detoxification enzymes. These changes in enzyme func-
tion yield altered peptide structures that result in the 
immune response (15).

TABLE 33-1

REACTION CBZ ETH FBM GBP LEV LTG OXC PB PHT TPM TGB VPA ZNS

Agranulocytosis X X X     X X   X 
Blistering skin  X X    X  X X   X 
reactions
(Stevens-Johnson
 Syndrome)
Aplastic anemia X X X      X   X 
Hepatic failure X  X     X X   X 
Allergic dermatitis X X X X  X X X X X X X X
Serum sickness X X      X X   X 
Pancreatitis X
Nephrolithiasis X X
Bone metabolism  X X

Abbreviations: CBX, carbamazepine; ETH, ethosuximide; FBM, felbamate; GBP, gabapentin; LEV, levetiracetam; LTG, lamotrigine; 
OXC, oxcarbazepine; PB, phenobarbital; PHT, phenytoin; TPM, topiramate; TGB, tiagabine; VPA, valproate; ZNS, xonisamide
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Impact of enzyme-inducing drugs on bone health must 
be considered in all patients. Although most institutional-
ized patients in the modern era are given calcium supple-
mentation and vitamin D, these simple interventions and 
the need for assessment of bone density in those patients 
on long-term drug use must be kept in mind (18).

SPECIFIC DRUGS

Phenobarbital

Phenobarbital (see Chapter 48) has been in continual 
use for at least 95 years. Common side effects in chil-
dren include behavioral changes with hyperactivity and 
irritability; adults experience drowsiness. Altered atten-
tion, effects on cognition, and even depression may be 
dose related or occur in specific patients without relation-
ship to plasma level (19–21). Dose-related neurotoxicity 
includes nystagmus, ataxia, incoordination, dyskinesia, 
and altered sleep patterns. Idiosyncratic reactions include 
allergic dermatitis, Stevens-Johnson syndrome, serum 
sickness, and hepatic failure. Agranulocytosis and aplastic 
anemia have been reported (3, 4). Folate deficiency in 
patients treated with AEDs is claimed to be associated 
with behavioral changes (22). Phenobarbital is known to 
exacerbate acute intermittent porphyria (23).

Induction of hepatic oxidative metabolism by pheno-
barbital is a fundamental mechanism for drug interactions. 
Vitamin D metabolism is induced by phenobarbital; thus, 
multihandicapped and bedridden children receiving this 
drug or other AEDs may develop osteoporosis; vitamin 
D supplementation is important in these children (24). 
Phenobarbital alters absorption and induces metabolism 
of vitamin K. Neonates of mothers treated with phenobar-
bital or other barbiturates need vitamin K supplementa-
tion to prevent neonatal hemorrhagic disease. Prophylactic 
vitamin K must be given during the last month of gestation, 
at the beginning of labor, and to the infant at birth.

Chronic phenobarbital treatment may cause con-
nective tissue changes, with coarsened facial feature, 
Dupuytren’s contracture, Ledderhose syndrome (plantar 
fibromas), and frozen shoulder (25). Sedative effects of 
phenobarbital may cause exacerbation of absence, atonic, 
and myoclonic seizures, although other mechanisms may 
be operant (6). Sudden withholding of doses of short-
acting barbiturates may precipitate drug withdrawal 
seizures or even status epilepticus. Given the slow rate 
of clearance of phenobarbital, such acute withdrawal 
seizures are less problematic, but it is wise to taper the 
dose of phenobarbital if the drug is to be discontinued. 
Some children, and even adults, may experience mild 
withdrawal symptoms that include tremor, sweating, 
restlessness, irritability, weight loss, disturbance of sleep, 
and even psychiatric symptoms. Mothers treated with 

phenobarbital may deliver infants that have withdrawal, 
including irritability, hypotonia, and vomiting, for several 
days after delivery (26).

Phenytoin

Phenytoin is metabolized by hepatic enzymes that are 
capacity limited (see Chapter 49). This system is com-
monly saturated at serum concentrations of 8–10 �g/mL.
Because of the saturation kinetics of phenytoin, small 
changes in the maintenance dose will produce large 
changes in serum concentration (27). Thus the half-life 
of the drug increases with higher plasma concentrations. 
Because of saturation kinetics, dose changes must be made 
with care. One challenge to phenytoin use is alteration of 
steady state by interaction with other drugs (28).

Dose-related effects of phenytoin include nystag-
mus, ataxia, altered coordination, cognitive changes, 
and dyskinesia (3). Infrequently, children may become 
irritable or hyperactive (29). Children seldom develop 
nystagmus even when they are overtly ataxic and have 
elevated serum levels of phenytoin. A constellation of 
anorexia, weight loss, and vomiting in a child should 
suggest phenytoin toxicity (29). Although not strictly a 
pharmacologic problem, phenytoin causes some drug-
specific effects that do not appear to be related to dose. 
Facial features may coarsen, and body hair will change 
in texture and become dark in color. Acne may worsen, 
and gingival hypertrophy is common. Other effects of 
chronic phenytoin use are osteoporosis and lymphade-
nopathy (30). Folate deficiency may be severe enough to 
cause megaloblastic anemia; a transient encephalopathy 
is said to occur by a similar mechanism (22). Prolonged 
exposure to high plasma levels of phenytoin has been 
associated with cerebellar atrophy (29, 31). Idiosyncratic 
reactions that may be fatal include allergic dermatitis, 
hepatotoxicity (32), serum sickness reaction, and aplastic 
anemia (3, 30). Drug-induced lupus erythematosus reac-
tions have been observed (33).

Ethosuximide

Ethosuximide (see Chapter 43) has a half-life that would 
be compatible with single daily dosing, but such large doses 
of the drug causes nausea, gastric distress, and abdominal 
pain unless the drug is given with meals and in divided 
doses. Rash and headaches, and on rare occasion leuko-
penia, pancytopenia, and aplastic anemia, have occurred 
(4). Neurologic effects include headache that may be severe, 
lethargy, agitation, aggressiveness, depression, and memory 
problems. Psychiatric disorders were attributed to normal-
ization of the electroencephalogram (EEG) by this drug, but 
such reactions have been described with other drugs as well, 
making this hypothesis less tenable (34, 35). Drug-induced 
lupus has been reported to occur in children (36).
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Carbamazepine

Carbamazepine (CBZ) (see Chapter 42) is insoluble in 
aqueous solutions, behaving as a neutral lipophilic sub-
stance (37). Carbamazepine is biotransformed, forming 
CBZ-10,11-epoxide (38). This epoxide is formed at the 
10,11-double bond of the azepine ring when CBZ is 
catalyzed by the hepatic monoxygenases (39). Inhibi-
tion of the activity of epoxide hydrolase, as occurs with 
concomitant administration of valproic acid (VPA), will 
increase the quantity of the epoxide (40). Carbamaze-
pine causes mild dose-related neurotoxic effects. Most 
are concentration dependent. Transient effects include 
nausea, drowsiness, vertigo, ataxia, and speech slur-
ring. Diplopia is a common concentration-dependent 
effect that is useful for clinical titration (5). Tremor 
and headache have been reported. Nausea, vomiting, 
diarrhea, and abdominal pain occur, but infrequently. 
Hyponatremia is common but rarely of clinical con-
sequence (41). These transient adverse effects may be 
limited by administering one of the extended release 
formulations that result in less peak-to-trough varia-
tions in blood levels.

Severe reactions to CBZ cause alteration of hema-
topoietic, skin, hepatic, and cardiovascular systems (5). 
Rash occurs in 5% to 8% of patients and rarely may 
progress to exfoliative dermatitis or even a bullous reac-
tion such as Stevens-Johnson syndrome (42). Hemato-
logic changes are common, with leukopenia observed 
in 10% to 12% of patients treated with CBZ. However, 
fatal reactions such as aplastic anemia, are rare, with 
death in 1.1 per 500,000 treated patients per year (43). 
Patients and parents must be informed about these seri-
ous reactions and reassured that frequent monitoring 
of blood cell counts and liver studies are unnecessary. 
Communication with the patient and informed consent 
are the best methods for long-term monitoring (44).

Valproate

Gastrointestinal effects commonly accompanying initia-
tion of VPA (see Chapter 53) treatment include nausea, 
diarrhea, abdominal pain, and even vomiting (45). Use 
at meal time, or administration of a slow-release form 
of the drug, will cause abatement of these symptoms in 
most patients. Three dose-related effects occur commonly. 
Tremor with sustention and at rest is age and dose related 
because this symptom is found less in children (46). Body 
weight gain is another common side effect, with 20% to 
54% of patients reporting this problem (47). Patients 
report appetite stimulation. Weight change may require 
discontinuation of this drug. Hair loss is common and 
transient. Hair appears to be fragile; regrowth of the bro-
ken hair results in a curlier shaft (48). Supplementation 
with multivitamins containing zinc may protect hair.

Thrombocytopenia occurs in a pattern that suggests 
it is dose related. Platelet counts vary without dose changes 
necessarily and are commonly asymptomatic. Petechial 
hemorrhage and ecchymoses do occur, necessitating low-
ering the dose or even discontinuing the drug (49, 50).

Other less frequently encountered effects include 
sedation or encephalopathy (51, 52). Acute encepha-
lopathy and even coma may develop on initial exposure 
to VPA (51). Upon investigation, these patients may be 
severely acidotic and have elevated urinary organic acid 
excretion. Because VPA is known to sequester coenzyme 
A (53), such patients are suspect of having a partially 
compensated defect in the mitochondrial beta-oxidation 
enzymes (52, 54). Dermatologic abnormalities are 
unusual, but may be severe (55).

Acute hemorrhage pacreatitis may develop in younger 
patients. Fatal outcome has been reported. Abdominal 
pain reported by patients receiving VPA should lead to 
measurement of lipase and amylase levels (56).

Age-related changes in pharmacokinetics of VPA 
should be anticipated because of the high percentage 
of drug that is protein bound (57). Valproic acid is a 
branched-chain carboxylic acid that may be metabolized 
either through mitochondrial mechanisms or via cyto-
plasmic enzymes. Dehydrogenation of VPA results in the 
accumulation of 2-en-, 3-en-, and 4-en-VPA compounds. 
The 4-en metabolites are highest in infants and decline with 
age. The 2-en compound has anticonvulsant potency (58). 
Valproic acid binds to albumin at high- and low-affinity 
sites. This binding is saturable, causing the free fraction 
to increase with dose.

Assessment of patients developing hepatotoxic-
ity from treatment with VPA suggests that the highest 
risk is in children younger than 2 years of age being 
treated with several AEDs. Additional risk characteristics 
include presumed metabolic disorders or severe epilepsy 
complicating mental retardation and organic brain dis-
ease (59–62). Although this pattern of incidence provides 
useful clinical guidelines, most clinicians consider them 
too restrictive or of insufficient detail to allow identifica-
tion of patients at highest risk (63). Further complicating 
management strategies, routine laboratory monitoring 
does not predict the development of fulminant and irre-
versible hepatic failure (64). Some patients progressing 
to fatal hepatotoxicity never developed abnormalities 
of specific hepatic function tests. Conversely, abnor-
malities of serum ammonia, carnitine, fibrinogen, and 
hepatic function tests have been reported to occur with-
out the presence of clinically significant hepatotoxicity 
(65, 66). Reporting clinical symptoms and identification 
of patients at greatest risk for fatal hepatotoxicity are 
more reliable means for monitoring. Vomiting was the 
most frequently reported initial symptom in fatal cases 
(59, 60). Combined symptoms of nausea, vomiting, and 
anorexia occurred in 82% of patients with VPA-associated 
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hepatotoxicity, whereas lethargy, drowsiness, and coma 
were reported in 40% (67, 68). Although some patients 
may have reversal of hepatotoxicity by early drug dis-
continuation, fatalities still result following such prompt 
action (69). No biochemical marker has been identified 
to differentiate those patients surviving from those with 
fatal outcome (69). Rescue of patients with hepatic failure 
by administration of carnitine has been reported (70). 
Obtain urinary organic acid measurement and metabolic 
evaluation in high risk patients, as indicated previously, 
or in any patient without an established reason for mental 
retardation and seizures (63).

Identifying high risk patients was reported by Drei-
fuss et al (59, 60). Most fatalities occurred in the first 
6 months of treatment, but some patients developed 
hepatotoxicity up to 2 years after VPA initiation. Chil-
dren younger than 2 years of age receiving polytherapy 
had a 1 in 500 to 800 chance of developing fatal VPA 
hepatotoxicity. Negative predictors were documented. 
Patients at negligible risk are those older than the age of 
10 years treated with VPA alone and free of indication of 
underlying metabolic or neurologic disorders. Children 
at intermediate risk were between age 2 and 10 years on 
monotherapy and all patients requiring polytherapy.

Patients reported with fatal hepatotoxicity, in the 
majority of cases, had neurologic abnormalities, includ-
ing mental retardation, encephalopathy, and decline of 
neurologic function. In those reported patients older than 
21 years of age, two of four had degenerative disease of 
the nervous system. One report stated that 9 of 16 hepatic 
fatalities were neurologically abnormal (71). In one series, 
all patients in the 11-to-20 age group were neurologically 
abnormal. In a recent review, only 7 of 26 adults reported 
with fatal hepatic failure from valproate were considered 
to be neurologically normal (72).

Specific biochemical disorders associated with VPA 
hepatotoxicity include urea cycle defects, organic acidu-
ras, multiple carboxylase deficiency, mitochondrial or 
respiratory chain dysfunction, cytochrome aa3 deficiency 
in muscle, pyruvate carboxylase deficiency, and hepatic 
pyruvate dehydrogenase complex deficiency (brain) (63, 
73, 74). Clinical disorders associated with VPA toxic-
ity include GM1 gangliosidosis type 2, spinocerebellar 
degeneration, Friedreich’s ataxia, Lafora body disease, 
Alpers disease, and MERRF syndrome (myoclonus epi-
lepsy with ragged red fibers) (67). Patients with such 
disorders must be identified because of higher risk for 
VPA hepatotoxicity.

Felbamate

Felbamate (FBM) causes headache, insomnia, and weight 
loss. Drug interactions with FBM are vigorous and may 
cause clinically significant toxicity or seizure exacerba-
tion. When FBM is added to CBZ, levels of the parent 

compound decline by 20% to 25%, but the metabo-
lite CBZ-10,11-epoxide increases by as much as 50% 
(75, 76). These effects suggest induction of cytochrome 
P450 along with inhibition of some of the action of 
epoxide hydrolase. This interaction induces CBZ side 
effects; the combination also causes headache. Following 
the identification of aplastic anemia and hepatotoxic-
ity and notification of physicians by the Food and Drug 
Administration (FDA) in August and September 1994, 
the number of persons being treated with FBM decreased 
drastically. Kaufman et al (77) reviewed cases of aplastic 
anemia reported in the United States and suggested an 
incidence of aplastic anemia of 27–209 per million in 
those receiving FBM versus 2–2.5 per million persons 
in the general population. The aplastic anemia risk with 
FBM treatment is perhaps up to 20 times greater than that 
for CBZ. Importantly, no case of aplastic anemia has been 
reported in children younger than 13 years old. The mean 
time to presentation is 154 days, with very few cases being 
reported after 6 months of exposure. Similarly, severe 
hepatotoxicity associated with FBM has been reported, 
but this risk seems to be similar to that from valproate. 
Although there is no predilection for age, children have 
been affected by severe, life-threatening hepatotoxicity 
associated with FBM.

Recommended guidelines for the use of FBM now 
stress that this agent should be used for adults and chil-
dren with severe epilepsy refractory to other therapy, 
such as patients with Lennox-Gastaut syndrome. Before 
beginning treatment a careful history concerning past 
indications of hematologic toxicity, of hepatotoxicity, and 
of autoimmune diseases should be sought. Women with 
autoimmune disease account for the largest portion of 
those who developed aplastic anemia. Baseline routine 
hematologic and liver function tests should be performed, 
and patients and their families must be fully informed 
of the potential risks; in the United States written con-
sent is recommended. Dose escalation should be made 
slowly, and dosages of adjunctive medication must be 
corrected for known interactions where possible. Mono-
therapy with FBM leads to fewer systemic side effects, 
but it is unknown whether the rare but potentially life-
threatening side effects will be decreased by using FBM 
alone. Clinical monitoring and specific scheduled blood 
testing should be done frequently, and patients should be 
educated regarding symptoms that may possibly signify 
either hematologic toxicity or hepatotoxicity.

Gabapentin

Structurally related to gamma-aminobutyric acid 
(GABA), gabapentin reaches peak plasma concentra-
tions 2–3 hours after an oral dose. Unique for an AED, 
gabapentin is not bound to plasma proteins, nor is it 
metabolized. Its bland pharmacokinetic properties 
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include no hepatic enzyme induction and little effect 
on plasma levels of other AEDs. Adverse events were 
detected in treated patients and were typically neuro-
toxic, but withdrawal from studies was infrequent. 
Children have similar adverse events profiles as noted 
in adults. Patients may experience weight gain. Periph-
eral edema with normal plasma protein and albumin is 
observed rarely. There is an increase in the incidence of 
hyperactivity and aggressive behavior, particularly in 
mentally retarded children (78) (see Chapter 45).

Lamotrigine

CNS-related side effects of lamotrigine include lethargy, 
fatigue, and mental confusion (79–84). Serious rashes 
have occurred; the rate of dose ascension appears to be 
correlated with this type of adverse event (85). Serious 
rash may be more common in children; current guidelines 
in the United States require this drug be discontinued if 
a rash develops (see Chapter 46).

Although erythematous rash with a morbilliform 
pattern or urticaria or patterns with a maculopapular 
component are most common (86–91), some patients 
can develop erythema multiforme and blistering reactions 
such as the Stevens-Johnson syndrome or toxic epidermal 
necrolysis. Simple rashes require careful assessment to be 
sure a hypersensitivity syndrome is not developing. Sensi-
tivity reactions include fever, lymphadenopathy, elevated 
liver enzymes, and altered numbers of circulating cellular 
elements of blood (89).

In drug trials in the United States rash was observed 
in about 10% of patients, with 3.8% having to discon-
tinue and 0.3% being hospitalized (89). Most serious 
rashes developed within 6 weeks of beginning treatment 
with lamotrigine. In children treated in drug trials, rash 
was observed in 12.9% with serious rash in 1.1% with 
half of those with Stevens-Johnson syndrome (89). Of 
interest, more than 80% of patients with complete data 
developing serious rash were being treated with valproate 
or had been given doses at a rate higher than recom-
mended (89). Rash was suspected to be a drug interac-
tion with valproate, but that drug inhibits metabolism of 
lamotrigine, causing diminished clearance with resultant 
high blood levels (90). Apparently when specific treat-
ment guidelines are followed, the incidence of serious 
rash may possibly be reduced (89, 91, 92). In the United 
States, if rash develops it is advised that the drug be dis-
continued. Table 46-1 (in Chapter 46) lists the suggested 
drug initiation treatment plan for lamotrigine.

Pregabalin

This drug has impact on voltage-gated calcium channels 
with inhibition of transmembrane calcium flow through 
binding with the channel’s high-affinity alpha2delta sub-

unit (93, 94). Data from postmarketing are not avail-
able. Clinical trials revealed most common adverse effects 
were dizziness, somnolence, and ataxia; weight gain was 
reported as well (95, 96).

Levetiracetam

Levetiracetam has an effect against partial onset sei-
zures, primary generalized tonic-clonic seizures, juve-
nile myoclonic epilepsy, and photosensitivity-related 
epilepsy syndromes. Although a specific mechanism of 
action has not been reported, the drug does bind to syn-
aptic vesicle protein and has actions on neuronal GABA 
and glycine-gated currents (97). Side effects reported 
from the clinical trials include somnolence, headache, 
anorexia, and nervousness (98). Behavioral changes in 
children, including psychosis, have been reported; exac-
erbation of a preexisting tendency has been suggested 
as a mechanism (99).

Topiramate

Topiramate has a monosaccharide-type structure (see 
Chapter 52). Treatment emergent adverse effects with 
add-on studies showed ataxia, impaired concentra-
tion, confusion, dizziness, fatigue, paresthesias, som-
nolence, and abnormal thinking related to topiramate 
treatment (100). Nephrolithiasis and dose-related 
weight loss are potential problems that require dis-
cussion with patients. Serious rashes have occurred. 
Reports of development of acute secondary angle 
closure glaucoma in patients treated with this drug 
require informing patients and cautioning them to 
report development of ocular pain or altered visual 
acuity immediately (101–103). As with other drugs 
that alter carbonic anhydrase, oligohydrosis with 
hyperthermia has been reported and children must be 
monitored for this problem especially in hot weather 
(104, 105). Many side effects detected in the studies 
were caused by forced titration to high doses. Adverse 
cognitive effects occur at higher doses in adults (100). 
Slowing the pace of dose ascension reduces the impact 
on cognitive function.

Tiagabine

Most commonly identified side effects in the pivotal 
trials of tiagabine included dizziness, asthenia, muscle 
weakness, nervousness, tremor, impaired concentra-
tion, lethargy, and depression (106). These occurred 
during dose titration. Reasons for withdrawal from 
the trials included occurrence of confusion, somno-
lence, ataxia, and dizziness (107). Hepatic clearance 
signals the need to reduce the dose in patients with 
liver disease (108).
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Oxcarbazepine

Oxcarbazepine is a keto analog of CBZ that is rap-
idly converted to 10,11-dihydro-10-hydroxycarba-
mazepine, a monohydroxy active metabolite. Diz-
ziness, sedation, and fatigue were side effects that 
may be dose related. Hyponatremia has occurred 
with this drug and some vigilance may be required 
(109). Rash occurs infrequently, and Stevens-John-
son syndrome and toxic epidermal necrolysis are 
rare (110).

Vigabatrin

Vigabatrin, also known as gamma-vinyl GABA, is an 
analog of GABA that acts to increase tissue concentration 
of that inhibitory transmitter by irreversible inhibition of 
GABA transaminase, the enzyme that degrades GABA. 
This effect on a specific enzyme makes traditional phar-
macokinetics less relevant.

Adverse effects, in general, are those expected 
with an AED; drowsiness, irritability, ataxia, and 
headache have been observed. Of concern are severe 
changes in behavior with agitation, hallucinations, 
and altered thinking, effects that are thought to be 
dose related (35). Depression is an important potential 
problem in treating all patients (111). Loss of periph-
eral retinal visual function is of concern (112, 113). 
One report compared 32 adults treated with vigaba-
trin with 18 patients treated with CBZ. Up to 40% 
of the vigabatrin-treated patients had concentrically 
constricted visual fields (113, 114). Because of robust 
efficacy in children with infantile spasms trials are 
under way and screening methods for visual change 
are being developed (115).

Zonisamide

Zonisamide is a sulfonamide drug widely available in 
Japan and in the United States. Zonisamide is rapidly 
absorbed by oral intake; protein binding is about 50%, 
but drug accumulates in erythrocytes. Plasma half-life 
is prolonged, at around 55 hours, but is reduced to 
about 30 hours in patients being treated with enzyme-
inducing drugs. This drug is extensively metabolized 
(108).

Adverse effects of drowsiness and altered thinking 
in clinical trials were associated as well with anorexia, 
dizziness, ataxia, fatigue, somnolence, confusion, and 
poor concentration. Zonisamide has been associated 
with nephrolithiasis (116). Children may develop oli-
gohydrosis and hyperthermia (117). Parents must be 
taught to be vigilant when a child is exposed to a 
hot environment and provide skin moisture to aid in 
convection cooling.

MECHANISMS AND MONITORING

Hypersensitivity reactions may cause cellular changes that 
resemble the cytotoxic effects of viral hepatitis. This type 
of hepatic injury is a common component of systemic 
reactions involving rash, lymphadenopathy, and eosino-
philia. Toxic injury at the cellular level may be related to 
the formation of arene oxide (118).

Even though routine monitoring may detect altera-
tions in liver function, clinical problems are often not 
apparent (64). Such findings, however, create a dilemma for 
the physician regarding plans for ongoing assessment and 
the need for specific action. Biochemical changes observed 
in patients being treated with valproate seldom herald the 
development of a fatal reaction. The first detailed report 
of valproate-induced hepatotoxicity included one patient 
with symptomatic hepatic dysfunction and three patients 
with isolated biochemical changes (64). The observation 
of transient dose-related hepatotoxicity was followed in 
1979 by reports of fatalities associated with valproate 
treatment (119, 120). Unfortunately, although metabolic 
abnormalities are occasionally uncovered by valproate 
administration (52, 121, 122), most patients with mild to 
moderate symptoms caused by a dose-related side effect 
cannot be differentiated from those with serious idiosyn-
cratic responses in any way other than by outcome. The 
idiosyncratic effects upon liver function include hyper-
ammonemia (123–125), severe hepatic dysfunction with 
recovery, and fulminant hepatic failure (60, 122, 126).

Valproic acid occasionally causes stupor or coma 
(51). Valproate is known to affect mitochondrial func-
tion, causing elevations in serum levels of some branched-
chain fatty acids (127). Decreased serum carnitine levels 
observed with valproate administration (53, 127) are 
accompanied by increased excretion of acetylcarnitine 
(128). Valproate reduces levels of both free coenzyme A 
(CoASH) and acetyl-CoA in rat liver (129, 130). This 
reduction in CoASH is accompanied by an increase 
in the intrahepatic medium chain acyl-CoA fraction, 
identified as valproyl-CoA (129). Although valproate 
increases activity of the medium chain fraction of acyl-
CoA hydrolase, valproyl-CoA itself is hydrolyzed poorly 
(131). Because valproate-induced inhibition of in-vitro 
fatty acid oxidation is reversed by addition of CoASH 
and carnitine to the reactants (132), it would appear that 
VPA causes sequestration of CoASH.

Sequestration of CoASH and formation of valproyl-
CoA could impair or block several steps in fatty acid oxi-
dation. Because fatty acid is esterified to acyl-CoA in the 
cytosol prior to carnitine-mediated transport across the 
mitochondrial membrane, decreased CoASH would impair 
formation of acyl-CoA, or conversion of acyl-carnitine 
to acyl-CoA, favoring omega oxidation with resultant 
dicarboxylic aciduria. Coenzyme A deficiency also could 
impair cleavage of 3-ketoacyl-CoA by thiolase activity, 
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causing accumulation of acetoacetyl-CoA, butyryl-CoA, 
and hexanoyl-CoA, producing ketosis with excretion of 
ethylmalonic and adipic acids. Because butyryl-CoA and 
hexanoyl-CoA dehydrogenases are inhibited by an acyl-
CoA metabolite of hypoglycin (133), valproyl-CoA may 
inhibit these dehydrogenases (52, 54, 63).

Drug-induced effects on the hematopoietic sys-
tem may be caused by hypersensitivity reactions with 
antibody-mediated peripheral destruction, by secondary 
effects such as occurs in a lupus-like syndrome, or by toxic 
marrow inhibition (134–136). Hypersensitivity reactions 
may be associated with the drug acting as a hapten with 
a protein. The net result is that IgE is produced. Another 
possibility is that there may be a direct drug effect by acti-
vation of the complement cascade or by a change in the 
function of lymphocytes. Direct cellular effects may alter 
lymphocyte populations or reactivity. For example, it has 
been postulated that phenytoin may alter lymphocytes, 
because 21% to 25% of patients chronically treated with 
this drug will have decreased circulating levels of IgA 
along with depressed lymphocyte phytohemagglutinin 
transformation (137, 138). Phenytoin hypersensitivity 
includes characteristic hepatic involvement and lymph-
adenopathy (139–142). Potential mechanisms include 
hapten formation, formation of an arene compounds 
(118), conversion of the aromatic ring by oxidation to 
phenol metabolites, or chlorination of nitrogen compo-
nents on the hydantoin ring (136). Indeed, a metabolite of 
phenytoin from hepatic microsomes appears to be toxic 
to lymphocytes. A similar mechanism has been proposed 
for CBZ. Indeed, CBZ is oxidized to several metabolites 
that may cause toxic effects on granulocytes (143). Lym-
phocytes from a patient with sequential aplastic anemia 
had challenge of those cells with metabolites derived 
from murine hepatocytes; the sensitivity of the lympho-
cytes suggested an arene oxide metabolite formation as 
a mechanism (144).

Serious toxic effects that result from the use of AEDs 
are usually discovered during the course of treatment. 
Hence, patients must be informed and freely communicate 
with their physician. It takes a joint effort to use medi-
cations to control seizures. Good therapeutic alliances 
between patient and physician will serve until such time 
that screening assays are developed to identify patients 
likely to develop serious adverse drug effects (44).

Clinical Monitoring

Clinical monitoring is adequate especially within the con-
text of incidence of serious adverse reactions. Although 
routine monitoring of hepatic function revealed elevation 
of values in 5% to 15% of patients treated with CBZ, 
fewer than 20 patients with significant hepatic compli-
cations were reported in the Unites States from 1978 to 

1989 (145). Fewer cases of pancreatitis were reported. 
Transient leukopenia occurs in up to 12% of adults and 
children treated with CBZ (5, 143). Aplastic anemia or 
agranulocytosis, unrelated to benign leukopenia, occurs 
in 2 per 575,000 with a mortality rate of approximately 1 
in 575,000 treated patients per year (145). Only 4 of the 
65 cases of agranulocytosis or aplastic anemia occurred 
in children.

Of patients developing exfoliative dermatitis alone 
or as part of systemic hypersensitivity, blood test abnor-
malities were not found until patients developed clinical 
symptoms. Presymptomatic blood studies fail to predict 
disease development. Test abnormalities such as benign 
leukopenia or transient hepatic enzyme elevations do 
not predict the occurrence of life-threatening reactions. 
A genetic abnormality in arene oxide metabolism may 
occur in those patients at higher risk for some types of 
adverse responses such as hepatitis (118). A screening 
test for such defects is not available. The data show that 
routine monitoring, as practiced commonly, does not 
allow anticipation of life-threatening effects associated 
with CBZ treatment. Findings for phenytoin and pheno-
barbital are similar (4).

As new drugs are developed and added to the 
regimen available for treating children with epilepsy, 
physicians should review source documents about those 
medications and devise a strategy for treatment and 
monitoring. Because data tend to be limited, initiation 
of treatment with a newly available drug requires spe-
cial caution. Although the process of informed consent 
remains informal, patients and parents should be given 
as much information as possible. Although industry-
produced materials may prove useful, in our opinion 
the physician should provide copies of package inserts 
coupled with material they prepare describing how 
the drug is to be used and any monitoring strategy 
planned. Although the guiding principle about moni-
toring of patients being treated with established drugs 
is parsimony in terms of obtaining routine chemical 
and hematologic studies, based on the knowledge that 
such monitoring is ineffective in detecting the occur-
rence of serious adverse events, such is not necessarily 
the case with a newly introduced drug. As with the 
established drugs, baseline hematologic and hepatic 
screening data should be obtained. Communication is 
still key; the patient must be prepared to contact the 
physician and the physician must facilitate that commu-
nication. Chemical and hematologic monitoring with 
use of a new drug may be recommended in the materials 
a company develops in concert with regulatory func-
tions of the FDA. Although recommendations may seem 
excessively conservative, it may be wise to follow those 
guidelines until a larger experience is obtained and data 
become available.
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Recommendations for Monitoring
 1. Obtain screening laboratory studies before initiation 

of AED treatment. Data are unavailable regarding 
the yield of such testing, but baseline studies provide 
a benchmark and could identify patients with special 
risk factors that could influence drug selection.

 2. Blood and urine monitoring in otherwise healthy 
and asymptomatic patients treated with AEDs is 
not necessary.

 3. Identify high risk patients before beginning treat-
ment. These patients include those with presump-
tive biochemical disorders, altered systemic health, 
neurodegenerative disease, or a history of significant 

adverse drug reactions. Monitoring must be designed 
based on the specifics of the clinical situation.

 4. Patients without an advocate, or those unable to 
communicate, require a different strategy. Although 
data are unavailable, blood monitoring should be 
obtained for patients with multiple handicaps who 
are institutionalized. Monitoring should include 
basic hematology and chemistry with additional 
studies based upon the patient’s clinical situation.

 5. For newly introduced drugs, follow recommended 
guidelines for blood monitoring until the numbers 
of patients treated in this country increase and data 
become available.

References

 1. Pellock JM. Efficacy and adverse effects of antiepileptic drugs. Pediatr Clin North Am
1989:345–348.

 2. Karsh FE, Lasagna L. Adverse drug reactions. A critical review. JAMA 1975; 
234:1236–1241.

 3. Plaa GI, Willmore LJ. General principles: toxicology. In: Levy RH, Mattson RH, Mel-
drum BS, eds. Antiepileptic Drugs. New York: Raven Press, 1998:51–60.

 4. Schmidt D. Adverse effects of antiepileptic drugs. New York: Raven Press, 1982.
 5. Pellock JM. Carbamazepine side effects in children and adults. Epilepsia 1987; 28:

S64–S70.
 6. Lerman P. Seizures induced or aggravated by anticonvulsants. Epilepsia 1986; 27:

706–710.
 7. Herranz JL, Armijo JA, Artega R. Clinical side effect of phenobarbital, primidone, 

phenytoin, carbamazepine and valproate during monotherapy in children. Epilepsia
1988; 29:794–804.

 8. Mattson RH, Cramer JA, Collins JF, et al. Comparison of carbamazepine, phenobarbital, 
phenytoin, and primidone in partial and secondarily generalized tonic-clonic seizures. 
N Engl J Med 1985; 313:145–151.

 9. Elwes RDC, Johnson AL, Shorvon SD, Reynolds EH. The prognosis for seizure control 
in newly diagnosed epilepsy. N Engl J Med 1984; 311:944–947.

 10. Galbraith RA, Michnovicz JJ. The effects of cimetidine on the oxidative metabolism of 
estradiol. N Engl J Med 1989; 321:269–274.

 11. Gerson WT, Fine DG, Spielberg SP, et al. Anticonvulsant-induced aplastic anemia: 
increased susceptibility to toxic drug metabolites in vitro. Blood 1983; 61:889–893.

 12. Strickler SM, Miller MA, Andermann E, Dansky LV, et al. Genetic predisposistion to 
phenytoin-induced birth defects. Lancet 1985; 2:746–749.

 13. Schlienger RG, Shear NH. Antiepileptic drug hypersensitivity syndrome. Epilepsia 1998; 
39 Suppl 7:S3–S7.

 14. Licata AL, Louis ED. Anticonvulsant hypersensitivity syndrome. Comprehens Ther
1996; 22:152–155.

 15. Leeder JS. Mechanisms of idiosyncratic hypersensitivity reacitons to antiepileptic drugs. 
Epilepsia 1998; 39 Suppl 7:S8–S16.

 16. Smith TJ, Gill JC, Ambruso DR, Hathaway WE. Hyponatremia and seizures in young 
children given DDAVP. Am J Hematol 1989; 31:199–202.

 17. Pirmohamed M, Kitteringham NR, Guenthner TM, et al. An investigation of mecha-
nisms in toxic epidermal necrolysis induced by carbamazepine. Arch Dermatol 1992; 
130:598–604.

 18. Farhat G, Yamout B, Mikati MA, Demirjian S, et al. Effect of antiepileptic drugs on 
bone density in ambulatory patients. Neurology 2002; 58:1348–1353.

 19. Meador KJ, Loring DW, Huh K, Gallagher BB, et al. Comparative cognitive effects of 
anticonvulsants. Neurology 1990; 40:391–394.

 20. Pellock JM, Culbert JP, Garnett WR, et al. Significant differences of AEDs cognitive and 
behavioral effects in children. Ann Neurol 1988; 24:325 (abstract).

 21. Vining EPG, Mellits ED, Dorsen MM, et al. Psychologic and behavioral effects of antiepi-
leptic drugs in children, a double-blind comparison between phenobarbital and valproic 
acid. Pediatrics 1987; 80:165–174.

 22. Reynolds EH, Chanarin I, Milner G, Matthews DM. Anticonvulsant therapy, folic acid 
and vitamin B12 metabolism and mental symptoms. Epilepsia 1966; 7:261–270.

 23. Granick S. Hepatic porphyria and drug-induced or chemical porphyria. Ann NY Acad 
Sci 1965; 123:197.

 24. Hunt PA, Wu-Chen ML, Handal JM, et al. Bone disease induced by anticonvulsanat 
therapy and treatment with calcitrol (1,25-dihydroxyvitamin D3). Am J Dis Child 1986; 
140:715–718.

 25. Mattson RH, Cramer JA, McCutchen CB. Barbiturate related connective tissue disorders. 
Arch Intern Med 1989; 149:911–914.

 26. Morselli PL, Franco-Morselli R, Bossi L. Clinical pharmacokinetics in newborns and 
infants: Age related differences and therapeutic implications. Clin Pharmacokinetics
1980; 5:485–527.

 27. Bender AD, Post A, Meier JP, Higson JE, et al. Plasma protein binding of drugs 
as a function of age in adult human subjects. J Pharmaceut Sci 1975; 64:1711–
1713.

 28. Kutt H. Interactions between anticonvulsants and other commonly prescribed drugs. 
Epilepsia 1984; 25 Suppl 2:S118–S131.

 29. Pellock JM. Seizures and epilepsy. In: Kelley VC, ed. Practice in Pediatrics. Philadelphia, 
PA: Harper & Row, 1987.

 30. Haruda F. Phenytoin hypersensitivity: 38 cases. Neurology 1979; 29:1480–1485.
 31. Rapport RL, Shaw CM. Phenytoin-related cerebellar degeneration without seizures. 

Ann Neurol 1977; 2:437.
 32. Horowitz S, Patwardhan R, Marcus E. Hepatotoxic reactions associated with carbam-

azepine therapy. Epilepsia 1988; 29:149–154.
 33. Gleichmann H. Systemic lupus erythematosus triggered by diphenylhydantoin. Arthritis

Rheum 1982; 25:1387.
 34. Wolf P, Inoue Y, Roder-Wanner U, et al. Psychiatric complications of absence therapy 

and their relation to alteration of sleep. Epilepsia 1984; 25:s56–s59.
 35. Brodie MJD, McKee PJW. Vigabatrin and psychosis. Lancet 1990; 335:1279.
 36. Jacobs JC. Systemic lupus erythematosus in childhood. Report of 35 cases, with discus-

sion of seven apparently induced by anticonvulsant medication and the prognosis and 
treatment. Pediatrics 1963; 32:257.

 37. Leppik IE. Metabolism of antiepileptic medication: newborn to elderly. Epilepsia 1992; 
33 Suppl.4:S32–S40.

 38. Patsalos PN, Stephenson TJ, Krishna S, elyas AA, et al. Side-effects induced by 
carbamazepine-10,11-epoxide. Lancet 1985; 2:496.

 39. Riley RJ, Kitteringham NR, Park BK. Structural requirements for bioactivation of 
anticonvulsants to cytotoxic metabolites in vitro. Br J Clin Pharmacol 1989; 28:
482–487.

 40. Pisani F, Caputo M, Fazio A, et al. Interaction of carbamazepine-10,11-epoxide, an 
active metabolite of carbamazepine, with valproate: a pharmacokinetic study. Epilepsia
1990; 31:339–342.

 41. Lahr MB. Hyponatremia during carbamazepine therapy. Clin Pharmacol Ther 1985; 
37:693–696.

 42. Coombes BW. Stevens-Johnson syndrome associated with carbamazepine. Med J Aust
1965; 1:895–896.

 43. Bertolino JG. Carbamazepine. What physicians should know about its hematologic 
effects. Postgrad Med 1990; 88:183–186.

 44. Pellock JM, Willmore LJ. A rational guide to routine blood monitoring in patients 
receiving antiepileptic drugs. Neurology 1991; 41:961–964.

 45. Dreifuss FE, Langer DH. Side effects of valproate. Am J Med 1988; Suppl 1A(84):
34–41.

 46. Hyuman NM, Dennis PD, Sinclar KG. Tremor due to sodium valproate. Neurology
1979; 29:1177–1180.

 47. Dinesen H, Gram L, Andersen T, Dam M. Weight gain during treatment with valproate. 
Acta Neurol Scand 1984; 70:65–69.

 48. Jeavons PM, Clark JE, Hirdme GA. Valproate and curly hair. Lancet 1977; 1:359.
 49. Loiseau P. Sodium valproate, platelet dysfunction and bleeding. Epilepsia 1981; 22:

141–146.
 50. Sandler RM, Emberson C, Roberts GE, Voak D, et al. IgM platelet autoantibody due 

to sodium valproate. Br Med J 1978; 2:1683–1684.
 51. Sackellares JC, Lee SI, Dreifuss FE. Stupor following administration of valproic acid to 

patients receiving other antiepileptic drugs. Epilepsia 1979; 20:697–703.



458 IV • GENERAL PRINCIPLES OF THERAPY

 52. Triggs WJ, Bohan TP, Lin S-N, Willmore LJ. Valproate induced coma with ketosis and 
carnitine insufficiency. Arch Neurol 1990; 47:1131–1133.

 53. Millington DS, Bohan TP, Roe CR, Yergey AL, et al. Valproylcarnitine: a novel drug 
metabolite identified by fast atom bombardment and thermospray liquid chromatography- 
mass spectrometry. Clin Chim Acta 1985; 145:69–76.

 54. Triggs WJ, Roe CR, Rhead WJ, Hanson SK, et al. Neuropsychiatric manifestations 
of defect in mitochondrial beta oxidation response to riboflavin. J Neurol Neurosurg 
Psychiatry 1992; 55:209–211.

 55. Roujeau JC, Stern RS. Severe adverse cutaneous reactions to drugs. N Engl J Med 1994; 
331:1272–1285.

 56. Wyllie E, Wyllie R, Cruse RP, Erenberg G, et al. Pancreatitis associated with valproic 
acid therapy. Am J Dis Child 1984; 138:912–914.

 57. Perucca E, Grimaldi R, Gatti G, Pirracchio S, et al. Pharmacokinetics of valproic acid 
in the elderly. Br J Clin Pharmacol 1984; 17:665–669.

 58. Loscher W, Nau H. Pharmacological evaluation of various metabolites and analogues 
of valproic acid: anticonvulsant and toxic potencies in mice. Neuropharmacology 1985; 
24:427–435.

 59. Dreifuss FE, Santilli N, Langer DH, Sweeney KP, et al. Valproic acid hepatic fatalities: 
a retrospective review. Neurology 1987; 37:379–385.

 60. Dreifuss FE, Langer DH, Moline KA, Maxwell JE. Valproic acid hepatic fatalities. II. 
US experience since 1984. Neurology 1989; 39:201–207.

 61. Willmore LJ. Clinical manifestations of valproate hepatotoxicity. In: Levy RH, Penry 
JK, eds. Idiosyncratic Reactions to Valporate: Clinical Risk Patterns and Mechanisms 
of Toxicity. New York: Raven Press, 1991:3–7.

 62. Willmore LJ. Clinical risk patterns: summary and recommendations. In: Levy RH, Penry 
JK, eds. Idiosyncratic Reactions to Valproate: Clinical Risk Patterns and Mechanisms 
of Toxicity. New York: Raven Press, 1991:163–165.

 63. Willmore LJ, Triggs WJ, Pellock JM. Valproate toxicity: risk-screening strategies. J Child 
Neurol 1991; 6:3–6.

 64. Willmore LJ, Wilder BJ, Bruni J, Villarreal HJ. Effect of valproic acid on hepatic func-
tion. Neurology 1978; 28:961–964.

 65. Kifune A, Kubota F, Shibata N, Akata T, et al. Valproic acid-induced hyperammonemic 
encephalopathy with triphasic waves. Epilepsia 2000; 41:909–912.

 66. Hamer HM, Knake S, Schomburg U, Rosenow F. Valproate-induced hyperammonemic 
encephalopathy in the presence of topiramate. Neurology 2000; 54:230–232.

 67. van Egmond H, Degomme P, de Simpel H, Diereck AM, et al. A suspected case of late-
onset sodium valproate-induced hepatic failure. Neuropediatrics 1987; 18:96–98.

 68. Kuhara T, Inoue Y, Matsumoto M, et al. Markedly increased �-oxidation of valproate 
in fulminant hepatic failure. Epilepsia 1990; 31:214–217.

 69. Konig SA, Siemes H, Blaker F, et al. Severe hepatotoxicity during valproate therapy: an 
update and report of eight new fatalities. Epilepsia 1994; 35:1005–1015.

 70. Bohan TP, Helton E, McDonald I, Konig S, et al. Effect of L-carnitine treatment for 
valproate-induced hepatotoxicity. Neurology 2001; 56:1405–1409.

 71. Scheffner D, Konig St, Rauterberg-Ruland I, Kochen W, et al. Fatal liver failure in 16 
children with valproate therapy. Epilepsia 1988; 29:530–542.

 72. Konig SA, Schenk M, Sick C, et al. Fatal liver failure associate with valproate therapy in 
a patient with Friedreich’s disease: review of valproate hepatotoxicity in adults. Epilepsia
1999; 40:1036–1040.

 73. Jellinger K, Seitelberger F. Spongy encephalopathies in infancy: spong degeneration 
of CNS and progressive infantile poliodystrophy. In: Goldensohn ES, Appel SA, 
eds. Scientific Approaches to Clinical Neurology. Philadelphia, PA: Lea & Febiger, 
1977:363.

 74. Prick M, Gabreels F, Renier W, et al. Pyruvate dehydrogenase deficiency restricted to 
brain. Neurology 1981; 31:398–404.

 75. Graves NM, Holmes GB, Fuerst RH, Leppik IE. Effect of felbamate on phenytoin and 
carbamazepine serum concentrations. Epilepsia 1989; 30:225–229.

 76. Theodore WH, Raubertas RF, Porter RJ, et al. Felbamate: a clinical trial for complex 
partial seizures. Epilepsia 1991; 32:392–397.

 77. Kaufman DW, Kelly JP, Anderson T, et al. Evaluation of case reports of aplastic anemia 
among patients treated with felbamate. Epilepsia 1997; 38:1265–1269.

 78. Pellock JM. Utilization of new antiepileptic drugs in children. Epilepsia 1996; 37 Suppl 
1:S66–S73.

 79. Binnie CD, Debets RM, Engelsman M, et al. Double-blind crossover trial of lamotrigine 
(Lamictal) as add-on therapy in intractable epilepsy. Epilepsy Res 1989; 4:222–229.

 80. Matsuo F, Bergen D, Faught E, et al. Placebo-controlled study of the efficacy and safety 
of lamotrigine in patients with partial seizures. Neurology 1993; 43:2284–2291.

 81. Warner T, Patsalos PN, Prevett M, elyas AA, et al. Lamotrigine-induced carbamaze-
pine toxicity: an interaction with carbamazepine-10,11 epoxide. Epilepsy Res 1992; 
11:147–150.

 82. Jawad S, Richens A, Goodwin G, Yuen WC. Controlled trial of Lamotrigine (Lamictal) 
for refractory partial seizures. Epilepsia 1989; 30:356–363.

 83. Schapel GJ, Beran RG, Vajda FJE, et al. Double-blind, placebo-controlled, crossover 
study of lamotrigine in treatment resistant partial seizures. J Neurol Neurosurg Psy-
chiatry 1993; 56:448–453.

 84. Messenheimer JA, Ramsay RA, Willmore LJ, et al. Lamotrigine therapy for partial 
seizures: a multicenter placebo-controlled, double-blind, crossover trial. Epilepsia 1994; 
35:113–121.

 85. Wong ICK, Mawer GE, Sander JWAS. Adverse event monitoring in lamotrigine 
patients: a pharmcoepidemiologic study in the United Kingdom. Epilepsia 2001; 
42:237–244.

 86. Schlienger RG, Shapiro LE, Shear NH. Lamotrigine-induced severe cutaneous adverse 
reactions. Epilepsia 1998; 39:S22–S26.

 87. Pellock JM. Managing pediatric epilepsy syndromes with new antiepileptic drugs. Pedi-
atrics 1999; 104:1106–1116.

 88. Pellock JM. Overview of lamotrigine and the new antiepileptic drugs: the challenge. 
J Child Neurol 1997; 12:S48–S52.

 89. Guberman AH, Besag FMC, Brodie MJ, et al. Lamotrigine-associated rash: risk/benefit 
consideratins in adults and children. Epilepsia 1999; 40:985–991.

 90. Willmore LJ, Messenheimer JA. Adult experience with lamotrigine. J Child Neurol 1997; 
12:s16–s18.

 91. Messenheimer JA, Mullens EJ, Giorgi L, Young F. Safety review of adult clinical trial 
experience with lamotrigine. Drug Saf 1998; 18:281–296.

 92. Motte J, Trevathan E, Arvidsson JFV, et al. Lamotrigine for generalized seizures associ-
ated with the Lennox-Gastaut syndrome. N Engl J Med 1994; 337:1807–1812.

 93. Gee NS, Brown JP, Dissanayake UV, Offord J, et al. The novel anticonvulsant drug, 
gabapentin (Neurontin), binds to the alpha2delta subunit of a channel. J Biol Chem
1996; 271:5768–5776.

 94. Fink K, Dooley DJ, Meder WP, et al. Inhibition of neuronal Ca(2�) influx by gabapentin 
and pregabalin in the human neocortex. Neuropharmacology 2002; 42:229–236.

 95. French JA, Kugler AR, Robbins JL, Knapp LE, et al. Dose-response trial of prega-
balin adjunctive therapy in patients with partial seizures. Neurology 2003; 60:
1631–1637.

 96. Beydoun A, Uthman BM, Kugler AR, Greiner MJ, et al, Pregabalin 1008-009 Study 
Group. Safety and efficacy of two pregabalin regimens for add-on treatment of partial 
epilepsy. Neurology 2005; 64:475–480.

 97. Marson AG, Hutton JL, Leach JP, et al. Levetiracetam, oxcarbazepine, remacemide and 
zonisamide for drug resistant localization-related epilepsy: a systematic review. Epilepsy
Res 2001; 46:259–270.

 98. Harden C. Safety profile of levetiracetam. Epilepsia 2001; 42:36–39.
 99. Kossoff EHL, Bergey GK, Freeman JM, Vining EP. Levetiracetam psychosis in children 

with epilepsy. Epilepsia 2001; 42(12):1611–1613.
100. Stables JP, Bialer M, Johannessen SI, et al. Progress report on new antiepileptic drugs—a 

summary of the Second Eilat Conference. Epilepsy Res 1995; 22:235–246.
101. Congdon NG, Friedman DS. Angle-closure glaucoma: impact, etiology, diagnosis and 

treatment. Curr Opin Ophthalmol 2003; 14:70–73.
102. Sankar PS, Pasquale LR, Grosskreutz CL. Uveal effusion and secondary angle-closure 

glaucoma associated with topiramate use. Arch Ophthalmol 2001; 119:2110–2111.
103. Thambi L, Kapcala LP, Chambers W, et al. Topiramate-associated secondary angle-

closure glaucoma: a case series. Arch Ophthalmol 2002; 120:1108.
104. Ben-Zeev B, Watemberg N, Augarten A, et al. Oligohydrosis and hyperthermia: pilot 

study of a novel topiramate adverse effect. J Child Neurol 2003; 18:254–257.
105. Cerminara C, Seri S, Bombardieri R, Pinci M, et al. Hypohidrosis during topiramate 

threatment: a rare and reversible side effect. Pediatr Neurol 2006; 34:392–394.
106. Leppik IE, Gram L, Deaton R, Sommerville KW. Safety of tiagabine: summary of 53 

trials. Epilepsy Res 1999; 33:235–246.
107. Schachter SC. Tiagabine. Epilepsia 1999; 40:S17–S22.
108. Perucca E, Bialer M. The clinical pharmacokinetics of the newer antiepileptic drugs. 

Clin Pharmacokinet 1996; 1:29–46.
109. Dam M. Practical aspects of oxcarbazepine treatment. Epilepsia 1994; 35 Suppl 3:

S23– S25.
110. Schmidt D, Sachdeo RC. Oxcarbazepine for treatment of partial epilepsy: a review and 

recommendations for clinical use. Epilepsy Behav 2000; 1:396–405.
111. Levinson DF, Devinsky O. Psychiatric adverse events during vigabatrin therapy. Neurol-

ogy 1999; 53:1503–1511.
112. Krauss GL, Johnson MA, Miller NR. Vigabatrin-associated retinal cone system dysfunc-

tion. Neurology 1998; 50:614–618.
113. Kalviainen R, Nousiainen I, Mantyjarvi M, Nikoskelainen E, et al. Vigabatrin, a 

gabaergic antiepileptic drug, causes concentric visual field defects. Neurology 1999; 
53:922–926.

114. Eke T, Talbot J, Lawden MC. Severe persistent visual field constriction associated with 
vigabatrin. BMJ 1997; 314:180–181.

115. Chiron C, Dulac O, Beaumont D, Palacios L, et al. Therapeutic trials of vigabatrin in 
refractory infantile spasms. J Child Neurol 1991; 6 Suppl:2S52–2S59.

116. Kubota M, Nishi-Nagase M, Sakakihara Y, et al. Zonisamide-induced urinary lithiasis 
in patients with intractable epilepsy. Brain Dev 2000; 22:230–233.

117. Knudsen JF, Thambi LR, Kapcala LP, Racoosin JA. Oligohydrosis and fever in pediatric 
patients treated with zonisamide. Pediatr Neurol 2003; 28:184–189.

118. Spielberg SP, Gordon GB, Blake DA, et al. Predisposition to phenytoin hepatotoxicity 
assessed in vitro. N Engl J Med 1981; 305:722–727.

119. Gerber N, Dickinson G, Harland RC, et al. Reye-like syndrome associated with valproic 
acid therapy. J Pediatr 1979; 95:142–144.

120. Suchy FJ, Balistreri WF, Buchino JJ, et al. Acute hepatic failure associated with the use 
of sodium valproate. N Engl J Med 1979; 300:962–966.

121. Hjelm M, de Silva LKV, Seakins JWT, Oberholzer VG, et al. Evidence of inher-
ited urea cycle defect in a case of fatal valproate toxicity. Br Med J 1986; 292:
23–24.

122. Kay JDS, Hilton-Jones D, Hyman N. Valproate toxicity and ornithine carbamoyltrans-
ferase deficiency. Lancet 1986; 2:1283–1284.

123. Stolz A, Kaplowitz N. Biochemical tests for liver disease. In: Zakim D, Boyer TD, eds. 
Hepatology. Philadelphia, PA: WB Saunders, 1990:637–667.



45933 • ADVERSE EFFECTS OF ANTIEPILEPTIC DRUGS

124. Williams C, Tiefenbach S, McReynolds J. Valproic acid-induced hyperammonemia in 
mentally retarded adults. Neurology 1984; 34:550–553.

125. Zaccara G, Paganini M, Campostrini R, Arnetoli G, et al. Hyperammonamia and valpro-
ate induced alterations of the state of consciousness: a report of eight cases. Eur Neurol
1984; 23:104–112.

126. Zarfani ES, Berthelot P. Sodium valproate in the induction of unusual hepatotoxicity. 
Hepatology 1982; 2:648–649.

127. Murphy JV, Marquardt KM, Shug AL. Valproic acid associated abnormalities of carnitine 
metabolism [letter]. Lancet 1985; 1:820–821.

128. Coude FX, Grimer G, Pelet A, Benoit Y. Action of the antiepileptic drug, valproic acid, 
on fatty acid oxidation in isolated rat hepatocytes. Biochem Biophys Res Comm 1983; 
115:730–736.

129. Becker CM, Harris RA. Influence of valproic acid on hepatic carbohydrate and lipid 
metabolism. Arch Biochem Biophys 1983; 223:381–382.

130. Thurston JH, Carroll JE, Hauhart RE, Schiro JA. A single therapeutic dose of 
valproate affects liver carbohydrate, fat, adenylate, amino acid, coenzyme A, and 
carnitine metabolism in infant mice: possible clinical significance. Life Sci 1985; 
36:1643–1651.

131. Moore KH, Decker BP, Schreefel FP. Hepatic hydrolysis of octanoyl-CoA and valproyl-
CoA in control and valproate-fed animals. Int J Biochem 1988; 20:175–178.

132. Thurston JH, Carroll JE, Norris BJ, et al. Acute in vivo and in vitro inhibition of palmitic 
acid and pyruvate oxidation by valproate and valproyl-coenzyme A in livers of infant 
mice. Ann Neurol 1983; 14:384–385.

133. Kean EA. Selective inhibition of acyl-CoA dehydrogenases by a metabolite of hypoglycin. 
Biochim Biophys Acta 1976; 422:8–14.

134. Pisciotta AV. Hematological toxicity of carbamazepine. Adv Neurol 1975; 11:355–368.
135. Pisciotta AV. Phenytoin: hematological toxicity. In: Woodbury DM, Penry JK, Pippenger 

CE, eds. Antiepileptic Drugs. New York: Raven Press, 1982:257–268.
136. Uetrecht J. Drug metabolism by leukocytes and its role in drug-induced lupus and other 

idiosyncratic drug reactions. Crit Rev Toxicol 1990; 20:213–235.
137. Aarli JA, Tonder O. Effect of antiepileptic drugs on serum and salivary IgA. Scand 

J Immunol 1975; 4:391.
138. Sorrell TC, Forbes IJ. Depression of immune competence by phenytoin and carbamaze-

pine. Clin Exp Immunol 1975; 20:273–285.
139. Weisberg LA, Shamsnia M, Elliott D. Seizures caused by nontraumatic parenchymal 

brain hemorrhages. Neurology 1991; 41:1197–1199.
140. Brown M, Schubert T. Phenytoin hypersensitivity hepatitis and mononucleosis syndrome. 

J Clin Gastroenterol 1986; 8:469–477.
141. Kahn HD, Faguet GB, Agee JF, Middleton HM. Drug-induced liver injury: in vitro 

demonstration of hypersensitivity to both phenytoin and phenobarbital. Arch Intern 
Med 1984; 144:1677.

142. Taylor JW, Stein MN, Murphy MJ, Mitros FA. Cholestatic liver dysfunction after long-
term phenytoin therapy. Arch Neurol 1984; 41:500.

143. Hart RG, Easton JD. Carbamazepine and hematological monitoring. Ann Neurol 1982; 
11:309–312.

144. Middleton E Jr, Reed CE, Ellis EF, Adkinson NF, et al. Allergy. principles and practice. 
3rd ed. St. Louis, MO: CV Mosby, 1988.

145. Seetharam MN, Pellock JM. Risk-benefit assessment of carbamazepine in children. Drug 
Saf 1991; 6:148–158.





461

Status Epilepticus and 
Acute Seizures

tatus epilepticus (SE) is a true neuro-
logic emergency (1). Both convulsive 
and nonconvulsive SE affect people 
of all ages, being more common and 

carrying greater morbidity and mortality in infants and 
the elderly (2–5). Recent large population studies have 
revealed an incidence 2 to 2.5 times greater than previ-
ously recognized (6). Large, hospital-based studies have 
disclosed that SE is underrecognized and is the cause of 
coma in a significant number of patients who demon-
strate no overt seizure activity (7, 8). In addition, the 
economic burden of SE has recently been estimated at 
4 billion dollars. The direct patient care costs are quite 
high compared with the direct costs of other major health 
conditions such as acute myocardial infarction and con-
gestive heart failure (9). Prompt recognition and man-
agement certainly lead to the best chance for successful 
outcome. Supported by the refractory nature of seizures 
lasting longer than 7 minutes and because of the poten-
tially significant morbidity and mortality, there are strong 
arguments to shorten the functional definition of SE so as 
to encourage earlier intervention in this important public 
health issue (10). Several recent advances in treatment 
have occurred, including improved prehospital care for 
acute and acute repetitive seizures, new anticonvulsant 
formulations, use of emergency electroencephalography 
(EEG), and improved emergency room and intensive care 
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management. These approaches with a particular focus 
on the treatment of acute seizures as well as a deeper 
understanding of the pathophysiology and prognosis of 
SE are discussed.

DEFINITION AND CLASSIFICATION

Although the malady had been recognized for centuries, 
in 1824 Calmeil first used the term état de mal (status epi-
lepticus) to describe the state in which grand mal (gener-
alized tonic-clonic) seizures occurred in rapid succession 
without recovery between convulsions (11). The Inter-
national League Against Epilepsy (ILAE) and the World 
Health Organization currently define SE as a “condition 
characterized by an epileptic seizure that is so frequently 
repeated or so prolonged as to create a fixed and lasting 
condition” (12). The lack of recovery for a fixed period, 
possible frequent repetition, prolongation, and pos-
sible propagation of further seizures are inherent in the 
definition. Status epilepticus is defined functionally as a 
seizure lasting more than 30 minutes or recurrent seizures 
lasting more than 30 minutes from which the patient 
does not regain consciousness (13). The classification of 
individual episodes of SE should be based on observation 
of clinical events combined with electrographic informa-
tion when possible (Table 34-1). Clinical care requires 

S

34
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intervention for seizures lasting longer than 5 minutes, 
recognizing that any type of seizure can develop into SE 
(Table 34-2). The current definition of 30 minutes is not, 
as described earlier, universally accepted, and several clin-
ical studies have been published using durations of 10 or 
20 minutes. Shinnar and colleagues demonstrated that the 
majority of pediatric seizures lasting 7 minutes or more had 
not stopped without active treatment by 30 minutes (14). 
DeLorenzo et al confirmed a nearly 10-fold greater mor-
tality for seizures lasting 30 minutes or greater compared 
with those lasting 10 to 29 minutes (15). More information 
is needed to clarify and allow acceptance of a standard 
operational definition for SE.

This chapter deals primarily with convulsive tonic-
clonic SE that is primarily or secondarily generalized 
using the 30-minute operational definition. This is the 
most commonly recognized form of SE in children. Partial 
seizures that evolve to SE most commonly are secondarily 

generalized convulsive seizures and may occur at any 
age but probably account for the overwhelming major-
ity of adult cases. Status epilepticus also encompasses 
several nonconvulsive entities, including complex partial, 
simple partial, and absence seizures. Complex partial SE 
usually is characterized by an epileptic twilight state in 
which there is a cyclical variation between periods of 
partial responsiveness and episodes of motionless staring 
and complete unresponsiveness accompanied, at times, 
by automatic behavior (7, 16, 17). Simple partial SE is 
characterized by focal seizures that may persist or be 
repetitive. When this condition lasts for hours or days, 
it is termed epilepsia partialis continua. Absence, or petit 
mal, status has also been referred to as spike-wave stu-
por. This type of nonconvulsive SE may be extremely 
difficult to differentiate from complex partial SE with-
out the aid of an EEG evaluation. Classically, in absence 
status there is a continuous alteration of consciousness 
without cyclical variations seen with complex partial SE. 
The EEG recording exhibits prolonged, sometimes con-
tinuous, generalized synchronous 3-Hz spike and wave 
complexes rather than focal ictal discharges that char-
acterize partial SE (7, 18). The child presenting with a 

TABLE 34-1
Proposed Classification of Status Epilepticus (SE)

Partial
 Convulsive
  • Tonic Hemiclonic status epilepticus,
  • Clonic  hemiconvulsion-hemiplegia-

 epilepsy, hemi-grand mal 
 status epilepticus, grand mal

 Nonconvulsive
  Simple  Focal motor status, focal sensory,

 epilepsia partialis continuans,
 adversive status epilepticus

  Complex partial  Epileptic fugue state, prolonged
epileptic stupor, prolonged 
epileptic confusional state, 
temporal lobe status epilepti-
cus, psychomotor status epi-
lepticus, continuous epileptic 
twilight state

Generalized
 Convulsive
  Tonic-clonic  Grand mal, epilepticus convulsivus
  Tonic
  Clonic
  Myoclonic Myoclonic SE
 Nonconvulsive
  Absence  Spike and wave stupor, spike and

slow wave or 3-Hz spike-and-
wave status epilepticus, petit 
mal, epileptic fugue, epilepsia 
minora continua, epileptic 
twilight state, minor status epi-
lepticus

Undetermined
  Subtle Epileptic coma
  Neonatal Erratic status epilepticus

TABLE 34-2
Status Epilepticus Precipitating Events

Antiepileptic drug alterations
 Withdrawal
 Noncompliance
 Interactions
 Toxicity
Infections
 CNS
 Systemic
Toxins
 Alcohol
 Drugs
 Poisons
 Convulsive agents
Structural
 Trauma
 Ischemic stroke
 Hemorrhagic stroke
 Acute hydrocephalus
Hormonal change
Electrolyte imbalance
Diagnostic procedures and medications
Emotional stress
Progressive-degenerative disease
Sleep deprivation
Primary apnea
Cardiac arrhythmias
Fever

Abbreviation: CNS, central nervous system.
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prolonged confused state, fluctuating level of conscious-
ness, or prolonged unconsciousness needs both clinical 
and EEG evaluations in addition to other studies.

Myoclonic, generalized clonic, and generalized tonic 
SE are seen primarily in children. Such children usually 
are those with encephalopathic epilepsies (3, 7, 19), and 
their consciousness seems to be preserved throughout the 
attacks. The EEG pattern is bilaterally symmetric with 
polyspike discharges coinciding with the myoclonic jerks. 
The term myoclonic SE should not be used when children 
with severe encephalopathy exhibit repetitive myoclonic 
jerks not accompanied by ictal discharges on EEG. These 
patients have subtle, generalized, convulsive SE as defined 
by Treiman (7). About one-half of the cases of generalized 
clonic SE occur in normal children and are associated 
with prolonged febrile seizures; the other half are distrib-
uted among those with acute and chronic encephalopa-
thies (20). Generalized tonic SE appears most frequently 
in children, particularly those with Lennox-Gastaut 
syndrome. Prolonged generalized tonic convulsions have 
been precipitated by benzodiazepine administration.

EPIDEMIOLOGY

Status epilepticus is usually a manifestation of symptom-
atic epilepsy with preexisting neurologic dysfunction or a 
manifestation of acute disease primarily or secondarily 
affecting the central nervous system (CNS). In infants and 
young children, it is uncommon for SE to occur in the 
unstressed patient with idiopathic epilepsy. A child who 
has prolonged resistant seizures should receive a full diag-
nostic evaluation for all etiologies of seizures, along with 
a search for those precipitating events listed in Table 34-2. 
Interestingly, there also is evidence for a genetic predis-
position for SE (21, 22). The major causes vary with 
age, such as febrile SE in children 1 to 2 years of age 
and remote symptomatic etiologies in the 5- to 10-year 
range (23). Acute symptomatic etiologies most com-
monly lead to prolonged SE lasting over 1 hour (24, 25). 
Similarly, recurrent SE is more frequent in children with 
remote symptomatic etiologies or progressive degenera-
tive disease (23, 26).

A recent prospective population-based study of SE 
revealed the incidence of SE to be 41 patients per year 
per 100,000 population, resulting in a total of 50 epi-
sodes of SE per year per 100,000. It is projected that 
between 102,000 and 152,000 events occur in the United 
States annually, an incidence 2 to 2.5 times greater than 
that previously proposed by DeLorenzo et al (6) and 
Hauser et al (27). Approximately one-third of the cases 
present as the initial seizure of epilepsy, one-third occur 
in patients with previously established epilepsy, and one-
third occur as the result of an acute isolated brain insult. 
Among those previously diagnosed as having epilepsy, 

estimates of SE occurrence range from 0.5% to 6.6%. 
Hauser reported that up to 70% of children who have 
epilepsy that begins before the age of 1 year experience 
an episode of SE. Also, within 5 years of the initial diag-
nosis of epilepsy, 20% of all patients experience an epi-
sode of SE. A greater incidence of SE was reported by 
Shinnar from a cohort of patients with childhood-onset 
epilepsy. One-third of the patients experienced SE over 
a 30-year period, 50% presenting as the first seizure and 
an additional 22% occurring within 12 months of onset 
of epilepsy. In this group, SE occurred in 44% of those 
with remote symptomatic epilepsy and 20% of those with 
idiopathic or cryptogenic epilepsy (28).

Although adults with SE as their first unprovoked 
seizure are likely to develop subsequent epilepsy (27), a 
prospective study of children with SE found that only 
30% of those initially presenting with SE later developed 
epilepsy (24). Hesdorffer et al have presented more recent 
data indicating a greater likelihood of epilepsy follow-
ing SE in a group of 95 people, one-third of whom were 
children. Over the ensuing 10-year period following a 
symptomatic bout of SE, there was a 41% risk of an 
unprovoked seizure (29).

Among children, SE is most common in infants and 
young toddlers, with more than 50% of cases of SE occur-
ring in those younger than 3 years of age (30). In the 
Richmond, Virginia, study, total SE events and incidence 
per 100,000 individuals per year showed a bimodal dis-
tribution with the highest values during the first year of 
life and after 60 years of age (6, 20, 31). Infants younger 
than 1 year of age represent a subgroup of children with 
the highest incidence of SE whether events, total inci-
dents, or recurrence is counted. The recurrence rate of 
SE in the Richmond study was 10.8% (6), but 38% of 
patients younger than 4 years old had repeat episodes, 
findings supported by the Finnish study (28). In another 
cohort of pediatric epilepsy patients followed by Berg and 
coworkers for 5 years, only 4.3% had their first episode 
of SE, whereas 19.6% of those who presented with sta-
tus had one or more episodes of SE (32). More recently, 
but again from the prospective pediatric epilepsy cohort 
in Connecticut, Berg and Shinnar reported on factors 
influencing SE following a diagnosis of epilepsy. In this 
study only 10% of the children experienced SE over a 
median 8-year follow-up period, compared with 20% in 
the report of Hauser et al and the 22% incidence in the 
previously described Finnish study. SE occurring prior 
to the epilepsy diagnosis, younger age, and symptomatic 
etiology influenced the risk of later SE (33).

Extrapolating these figures worldwide, more than 
one million cases of SE occur annually. Because SE is a 
neurologic emergency that requires immediate, effective 
treatment to prevent residual neurologic complications or 
death, SE poses a substantial health risk. Mortality rates 
as high as 30% have been reported in overall studies. 
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Children have a far lower mortality rate than do adults, 
with the exception of those in the first year of life (34). 
Age, etiology, and duration correlate directly with mor-
tality (4, 6, 35). Multiple studies confirm the lower mortal-
ity rate in most children following adequate emergency 
treatment (24, 30, 36–38).

PATHOPHYSIOLOGY

The cellular physiology and neuropathology of SE has 
been reviewed recently (39, 40) and is discussed in ear-
lier chapters of this book. The mechanisms by which 
chronic seizures evolve to SE remain unclear (3). There 
seems to be a loss of inhibitory mechanisms, and neuronal 
metabolism is not able to keep up with the demand of 
continuing ictal activity. The pathophysiologic changes 
that accompany SE can be divided into neuronal (cerebral) 
and systemic effects. Continuing seizures lead to both bio-
chemical changes within the brain and systemic derange-
ments that further complicate these cerebral changes.

Prolonged convulsive seizures can lead to excito-
toxic brain injury. Glutamate, the primary excitatory 
amino acid neurotransmitter, binds to several neuronal 
receptors, including the N-methyl-D-aspartate (NMDA) 
receptor, which is activated by depolarization. The result-
ing calcium influx causes further depolarization and 
perpetuates seizures. Glutamate also activates receptors 
that open channels that conduct sodium and calcium 
into the cell. Further neuronal damage results through 
this excessive excitatory neurotransmission. Although 
gamma-aminobutyric acid (GABA) is the most preva-
lent inhibitory neurotransmitter in the brain, excessive 
GABA may in fact increase activity on both GABAA and 
GABAB receptors. Activation of the presynaptic GABAB
receptors can provide feedback inhibition of GABAA
receptors and paradoxically exacerbate seizures. Other 
neurotransmitters that may be important in the initiation 
and maintenance of SE include acetylcholine, adenosine, 
and nitric oxide (39). Neuropeptides such as dynorphin, 
substance P, and galanin are potent modulators of the pro-
cess and may affect the maintenance phase of SE (39).

Neuronal injury and cell death from SE are most 
prominent in areas that are rich in NMDA glutamate 
receptors, including the limbic region. The increase in 
intracellular calcium concentration is critical to cell death. 
Calcium activates proteases and lipases that degrade 
intracellular elements, leading to mitochondrial dysfunc-
tion and cellular necrosis. Laminar necrosis and neuronal 
damage after prolonged seizures are similar to those fol-
lowing cerebral hypoxia. Although young animals may 
be less likely to develop brain damage from SE (41, 42), 
studies using alternative models demonstrate hippocam-
pal cellular injury even in immature rodents (43). It is 

believed that the glutamate-initiated calcium-dependent 
cascade is similar to the mechanism of NMDA receptor–
mediated cell death during cerebral ischemia. Absence SE 
associated with excessive inhibitory influences generated 
by GABAB-mediated hyperpolarization and activation of 
folinic T-type calcium channels does not cause cerebral 
injury (44). Furthermore, recent evidence suggests that 
acute and long-term changes in gene expression may 
occur following prolonged seizures and may contribute 
directly to hyperexcitability (45).

Systemic metabolic abnormalities increase the risk 
of brain damage in convulsive SE. These include altera-
tions of blood pressure, heart rate, acidosis, hypoxia, 
changes in respiratory function, body temperature, leu-
kocytosis, rhabdomyolysis, and heightened demands on 
cerebral oxygen and glucose utilization (46). Circulating 
catecholamine concentrations increase during the initial 
30 minutes of SE, resulting in a hypersympathetic state. 
In some patients there is truly massive catecholamine 
release, resulting in the formation of cardiac contraction 
bands, ultimately representing the real cause of death (47).
Tachycardia, sometimes associated with severe cardiac 
dysrhythmias, occurs and (rarely) also may be fatal (48). 
Furthermore, cardiac output diminishes and total periph-
eral resistance increases along with mean arterial blood 
pressure, perhaps because of the sympathetic overload. 
Hyperpyrexia may become significant during the course 
of SE, even without prior febrile illness, in both children 
and adults and may contribute to neuronal injury (49).

Hypoventilation leads to hypoxia and respiratory 
acidosis. In addition, serum pH and glucose levels are 
frequently abnormal as lactic acidosis develops following 
increased anaerobic metabolism. A leukemoid reaction 
of peripheral blood frequently occurs in the absence of 
infection. Rhabdomyolysis, which is not uncommonly 
seen, may compromise renal function. Recovery from this 
complicated derangement of metabolism is time depen-
dent. More prolonged seizures produce further neuronal 
injury and death.

PROGNOSIS

The morbidity and mortality of SE are direct consequences 
of its basic pathophysiology and the efficiency of treat-
ment. Previously, overall mortality figures for SE were 
quoted as 10% to 30% (35, 50, 51). The mortality rate 
for the Richmond, Virginia, population was 22% overall. 
Based on this study, which includes all age groups, there 
are approximately 126,000 to 195,000 SE events with 
22,000 to 42,000 deaths per year in the United States. 
However, the mortality rate in children was only 3%, and 
most of the pediatric deaths occurred between the ages 
of 1 and 4 years (Table 34-3). The pediatric and aged 
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populations had an increased number of recurrences of 
SE following a single episode. In general, children had 
chronic neurologic disabilities but rarely went on to die. 
Among those patients who died, death rarely occurred 
during the acute episode of SE. Rather, most patients 
succumbed 15 to 30 days later. Children with chronic 
epilepsy and low levels of anticonvulsant drugs have the 
lowest mortality rate overall. This latter finding as well as 
additional confirmation of a 3% SE-related mortality was 
reported by Chin et al from the prospective North London 
Status Epilepticus in Childhood Surveillance Study. This 
study did not contain morbidity data but did reveal the 
highest yet reported early SE recurrence—16% within 
1 year of the initial episode (52).

The morbidity of SE in children was examined in the 
same database from Virginia. Before their SE event, 81% 
of children with no prior history of seizures were neuro-
logically normal, in contrast to only 31% of children with 
seizure histories. Of the neurologically normal children 
with no prior seizures, more than 25% deteriorated after 
their first SE event, in comparison with less than 15% 
of neurologically normal children with a seizure history. 
Children who were neurologically abnormal without 
prior seizure deteriorated further in 6.7%, compared with 
11.3% of the abnormal children with a seizure history. 
Morbidity was determined at the time of hospital dis-
charge, and in some children the abnormalities certainly 
improve as minor degrees of ataxia, incoordination, or 
motor deficits can be attributed to the acute therapies or 
clinical changes after prolonged seizures and may not 
persist. Determining whether language deficits and school 
performance difficulties were transient or more perma-
nent was much more difficult. In the prospective study, 
11% to 15% had significant morbidity after an episode 
of SE (Table 34-3). These findings suggest a neurologic 
morbidity substantially lower than the “greater than 
50 percent” rate previously reported in children having 
SE (50), but the morbidity and mortality of very sick 
infants is higher than in older children (34).

Hesdorffer and colleagues in Rochester, Minnesota, 
have recently demonstrated a 41% 10-year risk of having 
an unprovoked seizure following an acute seizure with SE. 

This 95-person cohort included 17 individuals younger 
than 1 year of age and 17 individuals from 1 to 19 years 
of age. This risk was increased 18.8-fold for SE as a result 
of anoxic encephalopathy, 7.1-fold for structural causes, 
and 3.6-fold for metabolic causes over the risk in a popu-
lation of patients who experienced a less prolonged acute 
symptomatic seizure (29). Electrographic and biochemi-
cal markers for increased morbidity and mortality in SE 
exist. The duration of the individual seizure, especially if 
it evolves to nonconvulsive SE (NCSE), has been directly 
correlated with death or poor outcome as defined by 
inability to return to prehospital level of function (53). 
Serum and CSF levels of neuron-specific enolase (NSE) 
rise above normal after both brief and prolonged seizures. 
Serum levels following SE are significantly higher and are 
at their highest in patients following NCSE, where levels 
higher than 37 ng/mL correlate with poor outcome (54). 
CSF lactate is certainly elevated following SE, and levels 
three times greater than the accepted normal have been 
associated with poor outcome, whereas those elevated 
2-fold or less had better outcomes. Elevated CDF pro-
inflammatory cytokines such as tumor necrosis factor-
alpha and interleukin-6 have been documented following 
SE (55). CSF lactate dehydrogenase (LDH) and creatinine 
kinase do not appear to be valid indicators of prognosis 
in SE (56). CSF pleocytosis also does not appear to be a 
valid indicator of prognosis in SE. In all ages it is typically 
related to the acute illness or injury precipitating the sei-
zure. More than 6 white blood cells (WBCs)/mm3 or any 
polymorphonuclear lymphocytes (PMNs) in the adults or 
more than 8 WBCs/mm3 (and greater than 4 PMNs/mm3)
in children should prompt a search for an etiology other 
than the seizure itself (57, 58).

Radiographic findings following SE, typically revers-
ible focal magnetic resonance imaging (MRI) T2-weighted 
abnormalities, have been recognized for years (59). It had 
been assumed these findings were benign. The variations in 
peri- and postictal changes on anatomical and functional 
imaging examinations have been recently reviewed (60). 
However, there is a growing collection of case reports sug-
gesting that there is brain injury despite radiographic nor-
malization, as evidenced by persistent EEG abnormalities 

TABLE 34-3
Childhood Status Epilepticus Prognosis

 AICARDI AND CHEVRIE (50) DUNN (37) MAYTAL ET AL(24) DELORENZO ET AL(6)

Patients 239 97 193 29
SE Duration 60 30 30 30
Symptomatic (%) 75 72 77 73
Morbidity (%) �50 23 9.1 11–15
Mortality (%) 11 8 3.6 3
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and proton MR spectroscopy abnormalities (61, 62). One 
report describing hyperintensities in anterior cerebral white 
matter suggests that a biphasic clinical course of SE, followed 
by clinical improvement and then early seizure recurrence, 
increases the odds for neurologic sequelae (55). Similar 
changes, particularly evolving mesial temporal sclerosis, 
are being carefully explored in febrile SE, which represents 
the single largest etiologic subgroup (63, 64). There is also 
strong evidence that structural brain injury in the form of 
ischemic stroke has a synergistic effect with SE, leading to 
increased mortality (65).

THERAPY

Extrapolating the statistical figures worldwide, more than 
one million cases of SE occur annually. As a true neu-
rologic emergency, it requires mobilization of significant 
personal and medical resources and certainly qualifies as a 
substantial public health concern. With mortality rates as 
high as 30% reported in all-age-inclusive studies, imme-
diate effective treatment is necessary to prevent residual 
neurologic complications or death. Age, etiology, and 
duration correlate directly with mortality (4, 6). The high-
est mortality is seen in the elderly; fortunately, children have 
a far lower mortality rate than do adults (4, 24, 27, 35). 
Some of this improved prognosis is probably a result of 
fewer coexisting medical conditions. That said, multiple 
studies confirm a lower mortality rate in children follow-
ing adequate emergency treatment (24, 30, 36–38).

Acute Seizure Management

SE begins as either a prolonged seizure or continuing 
acute-repetitive seizures. These usually occur away from 
a medical center, and our approach for acute seizures is 
presented. The blurring of the previously clear timeline 
when long or recurrent seizures become SE has been pre-
viously discussed. In an attempt to prevent this progres-
sion, medical intervention is suggested when the seizure 
duration is 5 minutes or more. As such, it is paramount 
that families become educated on seizure first aid, and 
they must have an action plan. They or the first respond-
ers must note the time of seizure onset as part of their 
providing support to the child. Many times this support 
will include at-home benzodiazepine administration, 
usually in the form of rectal diazepam, but sometimes 
oral lorazepam or diazepam if consciousness is retained 
and the patient can safely swallow liquids. Appropriate 
first-aid recommendations are discussed here for com-
pleteness. The Epilepsy Foundation of America (EFA) 
recommends that the first responders:

 • Look for medical identification.
 • Protect the person from nearby hazards.

 • Loosen ties or shirt collars.
 • Protect the head from injury.
 • Turn the person on his side to keep the airway clear.
 • Reassure when consciousness returns.
 • If a single seizure lasts more than 5 minutes, ask 

whether hospital evaluation is wanted. If multiple 
seizures, or if one seizure lasts longer than 5 minutes, 
call an ambulance. If the person is pregnant, injured, 
or diabetic, call aid at once.

The EFA also recommends that first responders:

 • Do not put any hard implement in the mouth.
 • Do not try to hold the tongue. It cannot be 

swallowed.
 • Do not try to give liquids during or just after the 

seizure.
 • Do not use artificial respiration unless breathing is 

absent after muscle jerks subside, or unless water 
has been inhaled.

 • Do not restrain the person.
 • The person should be transferred to a medical center 

as soon as possible if their seizure continues beyond 
5 minutes or, if after ceasing, it begins again (66).

The neurologic emergency of SE requires maintenance of 
respiration, general medical support, and specific treat-
ment of seizures while the etiology is sought (1, 67, 68). 
One typical and unfortunately frequent mistake made 
in the treatment of SE is that inadequate doses of drugs 
are given initially, and physicians wait for more seizures 
to occur before administering the necessary total dose 
(67, 69). Additionally, given that febrile seizures are com-
mon and such patients regularly present to emergency 
rooms for evaluation, the progression from prolonged 
simple febrile seizure to febrile SE is often missed (70).
The ideal antiepileptic drug (AED) for the treatment of 
SE should have the following properties: rapid onset of 
action, broad spectrum of activity, ease of administra-
tion including intravenous (IV) and intramuscular (IM) 
preparations, minimal redistribution from the CNS, and 
wide therapeutic safety margin. With confirmed safety 
and efficacy data (71) and particularly because it is longer 
acting, lorazepam (LZP) has become more popular in 
many centers as the initial agent, thus replacing diazepam 
(DZP). Recent studies in both children and adults also 
support the use of midazolam (MDZ). Its rapid absorp-
tion from varied sites of administration and rapid onset of 
anticonvulsant activity make MDZ a very attractive agent 
for use in multiple settings. If, however, SE continues after 
the initial dosing of a benzodiazepine and persists after a 
primary AED such as phenytoin (PHT) (as fosphenytoin, 
FOS) or phenobarbital (PB) is given, a second dose of the 
same AED should be administered before switching to 
alternative medications. SE refractory to these established 
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agents carries a graver prognosis (68). Numerous studies 
suggest that additional bolus administration followed by 
titrated IV infusions of DZP, MDZ, pentobarbital, or the 
anesthetic agents lidocaine or propofol, may break these 
seizures. The use of IV valproic acid (VPA) in the treat-
ment of SE has expanded greatly in the past few years. 
There are reports, as well, supporting the safety and effi-
cacy of topiramate and levetiracetam in the treatment 
of refractory SE.

The primary goal of treatment is to stop the con-
vulsive discharges in the brain. Table 34-4 lists the steps 
of the emergency management of SE (67, 72). The child 
presenting in SE must have cardiorespiratory function 
assessed immediately by vital sign determination, aus-
cultation, airway inspection, arterial blood gas deter-
mination, and suction if necessary. Although spontane-
ously breathing on presentation, children may already 
be hypoxic with respiratory or metabolic acidosis from 
apnea, aspiration, or central respiratory depression (1). 
The need for ventilator support depends not only on 
respiratory status at the time of presentation but also on 
the conditions before arrival and the ability to maintain 
adequate oxygenation throughout ongoing seizures and 
during the IV administration of drugs, all of which cause 
some amount of respiratory depression. Elective intuba-
tion and respiratory support are urged in the neurologi-
cally depressed patient. In most patients with placement 
of an oral airway or nasal canula or both, oxygen is 
insufficient as respiratory drive is depressed. Significant 
hypoxia is a principal factor determining morbidity and 
mortality (6). Rapid assessment of vital signs and general 
neurologic examination give clues to the etiology of SE. 
Blood drawn to determine blood gases, glucose, calcium, 
electrolytes, complete blood count, AED levels, culture, 
and virologic and toxicologic studies help with the overall 
determination of etiology. Similarly, urine for drug and 
metabolic screens should be collected. The roles of CSF 
NSE, cytokines, and lactate, as well as serum NSE, in 

the prognostication of outcomes in SE were discussed 
previously.

Intravenous fluids should be administered judi-
ciously, with appropriate corrections for fever, suction, 
and chemical abnormality. Fluid restriction is rarely nec-
essary. Immediately following placement of the IV line, 
25% glucose (2–4 mL/kg) should be given by bolus. In 
the case in which IV access cannot be established, the 
intraosseous route has been shown efficient for both fluid 
and medication administration (73). Because of the high 
incidence of febrile SE resulting from CNS infection in 
infants, a lumbar puncture should be done early in the 
course of management but not necessarily during the ini-
tial phase of stabilization. It is rarely necessary to wait for 
imaging studies to be performed in this group. If lumbar 
puncture is deferred for any reason, appropriate antimi-
crobial coverage for possible meningitis or encephalitis 
should be considered. Electrocardiographic (ECG) and 
EEG monitoring is desirable when available (68).

EEG monitoring is extremely useful in both the ini-
tial and the subsequent management of SE (72, 74–76). 
The classification of SE, clues to etiology, and progno-
sis may be suggested from the EEG and its response to 
therapy. This includes patients with completely hysterical 
attacks and those presenting with an overdose of drugs 
or focal pathology. Definition of seizures as being mainly 
partial versus primarily or secondarily generalized is eas-
ily recognized; in nonconvulsive cases the EEG easily 
establishes the diagnosis as complex partial or absence. 
The use of EEG is mandatory in the presence of neuro-
muscular blockade or whenever recurrence of seizures 
cannot be documented on a clinical basis (1, 72).

An electroclinical dissociation may exist after large 
doses of AEDs have been given, so that the clinical manifes-
tations are absent while electrographic seizures continue. 
The recognition of EEG patterns, such as paroxysmal 
lateralized epileptiform discharges (PLEDs), periodic epi-
leptiform discharges (PEDs), and evidence of continued 
post-SE ictal discharges without clinical correlation while 
the patient remains in a coma, requires ongoing therapy 
and may be helpful in establishing the etiologic diagnosis 
and prognosis (8). One recent study of 50 patients with 
SE reported poor outcomes, including death or persistent 
vegetative states, in 44% of those whose records demon-
strated PEDs, compared with 19% without PEDs (77). 
ECG alterations seen in adults during and after SE range 
from ischemic changes to tachyarrythmias. These changes 
must be promptly and appropriately treated (46, 78). 
These relatively new findings suggest that EEG be more 
aggressively used in the evaluation and treatment of SE. 
Practical limitations must be realized, however, because 
many treatment sites do not have EEG readily available. 
Nevertheless, urgent use of this monitoring must be con-
sidered when patients do not regain consciousness or 
when seizures are continuous or recurrent.

TABLE 34-4
The Steps of Status Epilepticus Emergency 

Management

1. Ensure adequate brain oxygenation and cardiorespi-
ratory function

2. Terminate clinical and electrical seizure activity as 
rapidly as possible

3. Prevent seizure recurrence
4. Identify precipitating factors such as hypoglycemia, 

electrolyte imbalance, lowered drug levels, infection, 
and fever

5. Correct metabolic imbalance
6. Prevent systemic complications
7. Further evaluate and treat the etiology of SE
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DRUG THERAPY OF STATUS EPILEPTICUS

There are multiple regimens for treating SE successfully. 
Benzodiazepines and FOS (PHT equivalent) as initial 
therapy are preferred by our group at the Medical Col-
lege of Virginia of Virginia Commonwealth University 
(MCV/VCU), but others may wish to continue alterna-
tive agents if the patient is known to be on maintenance 
therapy or has already received smaller doses of PHT or 
PB (79, 80). LZP, DZP, FOS, and PB are accepted agents 
for initial and continued therapy of SE. The large SE treat-
ment study done in adults and sponsored by the U.S. Vet-
erans Administration suggests that there is no significant 
difference between three IV drug regimens: (1) DZP, 0.15 
mg/kg, and PHT, 18 mg/kg; (2) LZP, 0.1 mg/kg; or (3) PB, 
15 mg/kg, for initial management of generalized convul-
sive SE when results were measured at 20 minutes (81). 
Each was superior to PHT, 18 mg/kg, used alone. It is 
important to note that the rate of PHT administration 
probably biased the study. The much more rapid speed at 
which FOS can be administered may significantly change 
these results. The choice of an initial agent may depend on 
individual patient characteristics, prior AED therapy, and 
physician preference. Recommended doses of commonly 
used drugs for the treatment of convulsive SE are listed 
in Table 34-5. Protocols presently used by our group at 
MCV/VCU for the management of SE in children, adoles-
cents, and adults are given in Tables 34-6 and 34-7 (79).

Benzodiazepines

As a group the benzodiazepines are the most potent 
and efficacious drugs in the treatment of SE (82). Last-
ing control of SE is achieved in approximately 80% of 
patients treated with LZP, DZP, or clonazepam (81). 
Because the IV preparation of clonazepam is not avail-
able in the United States, lorazepam and diazepam are 

TABLE 34-5
Recommended Initial Intravenous Doses for Status Epilepticus

    FOSPHENYTOIN   
   MIDAZOLAM PHENYTOIN  VALPROATE

PATIENT LORAZEPAM DIAZEPAM (0.15–0.3 EQUIVALENTS  PHENOBARBITAL SODIUM

AGE (0.1 MG/KG) (0.3 MG/KG) MG/KG) (20 MG/KG)  (20 MG/KG) (30 MG/KG)

�6 mo 0.3–1.0 1–2 0.5–2 60–200 60–200 90–300*
6–12 mo 0.5–1.2 2–4 1–4 100–250 100–250 150–350*
1–5 yr 0.8–2.5 3–10 1.5–10 160–300 160–300 200–450*
5–12 yr 1.5–6.0 5–15 2.5–15 300–1,200 300–1,200 450–1,500�
13 yr � 3.0–6.0 10–20 5–20 500–1,500� 500–1,500� 500–2,400�

* There is an increased risk of fatal hepatotoxicity in children � 2 years old associated with multiple anticonvulsants use, congenital 
metabolic disorders, severe seizure disorders with mental retardation, and/or organic brain disease.

most frequently used. A prospective, randomized study 
determined that IM MDZ is as effective as DZP in stop-
ping seizures and is faster than DZP because it avoids the 
requirement of starting an IV line (83). Nasal and buc-
cal administration of benzodiazepines have demonstrated 
efficacy in aborting acute seizures, but no prospective 
studies support these routes in treating SE (84, 85).

Lorazepam

Lorazepam is a potent benzodiazepine with rapid onset 
and more prolonged duration of anticonvulsant action 
than those of DZP. With a half-life of approximately 
10 to 15 hours in adults and children, LZP continues to 
have an effective brain level for 8 to 24 hours. A favor-
able lipid partition coefficient allows LZP to remain in the 
brain longer than DZP, which redistributes more rapidly. 
The recommended IV bolus LZP dose is 0.1 mg/kg up 
to a total of 5 to 8 mg. Tachyphylaxis develops, making 
repeated doses less effective (86, 87). LZP is also less use-
ful in patients receiving chronic benzodiazepine therapy.

The efficacy of LZP equals that of DZP in neonates, 
children, and adults (87–94). Adverse effects include 
hypoventilation, ataxia, vomiting, amnesia, lethargy, respi-
ratory depression, and hypotension. These symptoms are 
exacerbated when barbiturates, paraldehyde, or other 
depressant drugs are administered before LZP. Following 
rectal administration, LZP has a more delayed onset of action 
than DZP (93). Sedation that follows IV administration of 
LZP is longer lasting than that following DZP. Significant 
sedation is a disadvantage of both drugs when continued 
observation of level of consciousness is necessary.

Diazepam

Diazepam enters the brain within seconds following IV 
administration and successfully stops convulsive and 
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TABLE 34-6
Medical College of Virginia Hospitals Status Epilepticus Protocol for Children and Adults

CHILDRENa

 TIME FROM START

STEP OF INTERVENTION PROCEDURE

1 0–5 min  Determination of SE. As soon as the diagnosis is made, institute monitoring
of temperature, blood pressure, pulse, respirations, ECG, and EEG. 
Insert oral airway and administer O2 if necessary. Insert an IV catheter 
and draw venous blood levels of anticonvulsants, glucose, electrolytes, 
calcium, BUN, and CBC. Draw arterial blood for antipyretics (acetamino-
phen). Perform frequent suctioning.

2 6–9 min  Place an IV line with normal saline. Administer a bolus of 2 mL/kg 50% 
 glucose.

3 10–30 min  Initial treatment consists of an infusion by IV lorazepam given at a rate 
of 1–2 mg/min (0.1 mg/kg) to a maximal dose of 8 mg. This is followed 
by IV fosphenytoin (FOS) infused at 150 mg/min (or phenytoin [PHT] 
infused at a rate not to exceed 1 mg/kg/min or 50 mg/min). Monitor 
ECG and blood pressure. May repeat FOS (PHT) 10 mg/kg before pro-
ceeding to next step.

4 31–59 min  If seizures persist, administer a bolus infusion of phenobarbital at a 
rate not to exceed 50 mg/min until seizures stop or to a loading dose of 
20 mg/kg.

5 60 min  If control is not achieved, other options include:

  •  Diazepam (50 mg) is diluted in a solution of 250 mL 0.9% NaCl or 
D5W and run as a continuous infusion at 1 mL/kg/hr (2 mg/kg/hr) to 
achieve blood levels of 0.2–8.0 mg/mL. The IV solution is changed 
every 6 h, as advised by certain authors, and short-length tubing 
is used.

  •  Pentobarbital with an initial IV loading dose of 5 mg/kg with addi-
tional amounts given to produce a “burst suppression” pattern on 
EEG. Maintenance of pentobarbital anesthesia is continued for 
approximately 4 h by an infusion of 1–3 mg/kg/hr. The patient is then 
checked for the reappearance of seizure activity by decreasing the 
infusion rate. If clinical seizures and/or generalized discharges persist 
on EEG, the procedure is repeated; if not, the pentobarbital is tapered 
over 12–24 hours.

6 61–80 min  If seizures are still not controlled, call anesthesia department to begin 
 general anesthesia with halothane and neuromuscular blockade.

Abbreviations: ECG, electrocardiogram; EEG, electroencephalogram; IV, intravenous; BUN, blood urea nitrogen; CBC, complete blood
count; D5W, 5% dextrose in water.

aContinuous monitoring of EEG is recommended in an obtunded patient to ensure that SE has not recurred. In the management of 
intractable status, a neurologist who has expertise in SE should be consulted, and advice from a regional epilepsy center should be sought. 
Lumbar puncture should be performed as soon as possible, especially in a febrile child or infant �1 year old. For infants with a history of 
neonatal seizures, infantile spasms, or early-onset seizures, pyridoxine 100 mg IV should be administered  while EEG monitoring is being 
performed to diagnose and treat the rare patient with seizures and a vitamin B6 deficiency.
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TABLE 34-6
(Continued)

ADULTb

 TIME FROM START

STEP OF INTERVENTION PROCEDURE

1 0–5 min  Determination of SE. As soon as the diagnosis is made, institute monitoring 
of temperature, blood pressure, pulse, respirations, ECG, and EEG. 
Insert oral airway and administer O2 if necessary. Insert an IV catheter 
and draw venous blood levels of anticonvulsants, glucose, electrolytes, 
Ca, Mg, BUN, and CBC. Draw arterial blood for ABG analysis. If neces-
sary, nasotracheal suctioning is performed.

2 6–9 min  Place an IV line with normal saline containing vitamin B complex. 
 Administer a bolus of 50 mL 50% glucose.

3 10–30 min  Infuse IV lorazepam given at a rate of 2 mg/min (0.1 mg/kg) to a maximal 
dose of 8 mg or alternatively administer IV diazepam given at a rate not 
to exceed 2 mg/min until seizures stop or to a total of 20 mg. This is fol-
lowed by IV fosphenytoin (FOS) (phenytoin [PHT]), 20 mg/kg, at a rate 
no faster than 50 mg/min. Monitor ECG and blood pressure.

4 31–59 min  If seizures persist, perform elective endotracheal intubation before starting 
a bolus infusion of phenobarbital at a rate not to exceed 100 mg/min 
until seizures stop or to a loading dose of 20 mg/kg.

5 60 min  If control is not achieved, other options include:

  •  Pentobarbital with an initial IV loading dose of 5–10 mg/kg with addi-
tional amounts given to produce a “burst suppression” pattern on EEG. 
Maintenance of pentobarbital anesthesia is continued for approximately 
4 hours by an infusion of 1–3 mg/kg/hr. The patient is then checked for 
the reappearance of seizure activity by decreasing the infusion rate. If 
clinical seizures and/or generalized discharges persist on EEG, the pro-
cedure is repeated; if not, the pentobarbital is tapered over 12–24 hours.

  •  Diazepam (50–100 mg) is diluted in a solution of 500 mL 0.9% NaCl 
or D5W and run as a continuous infusion to achieve blood levels of 
0.2–8.0 mg/mL. The IV solution is changed every 6 h as advised by 
certain authors and short-length tubing is used.

6 61–80 min  If seizures are still not controlled, call anesthesia department to begin 
 general anesthesia and neuromuscular blockade.

Abbreviations: ECG, electrocardiogram; EEG, electroencephalogram; IV, intravenous; BUN, blood urea nitrogen; CBC, complete blood
count; ABG, arterial blood gas; D5W, 5% dextrose in water.

b,aContinuous monitoring of EEG is recommended in an obtunded patient to ensure that SE has not recurred. In the management of intrac-
table status, a neurologist who has expertise in SE should be consulted, and advice from a regional epilepsy center should be sought.

nonconvulsive seizures in the majority of adults and 
children (82). Its primary disadvantages are similar to 
those of LZP. In addition, because of rapid redistribution, 
seizures frequently reoccur after 15 to 20 minutes after 
IV administration, requiring that a second, longer-acting 
drug be given or a second dose of DZP be administered. 
Respiratory support should be available when DZP is 
used to treat SE. Recommended dose estimates by age 
are given in Table 34-4 based on 10 to 15 mg/m2, or 
0.3 mg/kg. An initial estimate of dose may be made by 
taking the patient’s age and giving 1 mg per year plus 

1 mg (1). Diazepam may be given by intraosseous or 
rectal route or by a continuous IV infusion (95). In addi-
tion to respiratory depression, laryngospasm may develop 
during the administration of diazepam.

As LZP is supplanting DZP in many hospital emer-
gency situations, DZP has taken on another important 
role—that of prehospital treatment by family or other 
caregivers for prolonged or acute repetitive seizures. 
The viscous solution of 5 mg/mL DZP was developed 
specifically for rectal administration. Its safety and efficacy 
have been established in two U.S. trials, and considerably 
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fewer of the DZP gel-treated patients required subse-
quent emergency medical attention for continued sei-
zures following the treatment of their episode (96, 97). 
This leads to a reduced cost of care and, in the future, 
may decrease the prolongation of some seizures to SE (98). 
Since 2005, and in an effort to improve compliance and 
enhance safety, the delivery system for branded rectal 
DZP, Diastat, was changed to the AcuDial system. The 
dose delivered via the rectal syringe is preset by the phar-
macist and can be better tailored to meet the child’s need 
based on age and weight.

Midazolam

Midazolam has been used successfully as a first-line treat-
ment for convulsive SE and for refractory convulsive SE. 

Clinical evidence supports that IM MDZ is more effective 
than IM DZP and as effective as IV DZP in abolishing 
interictal spikes on EEG recordings. At doses from 0.15 to 
0.3 mg/kg it effectively terminated convulsive seizure activ-
ity (99). More than 100 children with SE are described in 
the literature as being successfully treated primarily with 
MDZ, without drug-related cardiac side effects or urgent 
intubation for ventilatory support (100–102). The dosing 
of MDZ for SE in children is not established. Suggested 
values are found in Table 34-5. Although LZP, DZP, and 
now MDZ are usually considered as the initial drugs 
of choice, they sometimes are useful as the second or 
third agent when seizures continue. Respiratory support 
should be available when any of the benzodiazepines are 
used because of the cumulative blunting of the respiratory 
drive centers. Additional intensive monitoring should also 
be performed to guard against hypotension.

Midazolam undergoes rapid hepatic breakdown, 
leaving no active metabolites. The elimination half-life 
of MDZ in children aged 6 months to 10 years ranges 
from 1.17 to 4 hours, in contrast to longer values in 
adults (1.8–6.4 hours) and elderly men (5–6 hours) (103). 
Recall that the active desmethyl metabolite of DZP has a 
physiologic half-life of 46 to 78 hours. When MDZ is 
administered as a continuous IV drip, dosing needs to be 
adjusted upward to achieve continued anticonvulsant or 
sedative action because of marked tachyphylaxis.

Phenobarbital

Phenobarbital remains the initial drug of choice in some 
institutions for the treatment of childhood SE (104, 105). 
Its time to onset of action is longer than that of LZP 
and DZP, with peak brain levels being reached in 20 to 
60 minutes. Slow IV bolus infusion of 20 to 25 mg/kg is 
suggested initially. Repeated 10 to 20 mg/kg doses may be 
necessary to be successful (1, 105). Principal side effects 
are hypotension and respiratory and sensorial depression. 
PB should be administered by IV infusion no faster than 
100 mg/min. In the VA Cooperative Study PB was just as 
efficacious in treating SE as LZP and LZP plus PHT, and 
a better first drug (regimen) than PHT alone (81).

Fosphenytoin (Phenytoin Prodrug Equivalent)

Fosphenytoin has replaced injectable PHT at our insti-
tution because of its safety advantages. This prodrug is 
nearly 100% bioavailable and, unlike its product (PHT), 
is freely soluble in aqueous solutions (106). Given IV, 
FOS is rapidly converted to PHT by phosphatases in 
the bloodstream. The PHT then enters the brain, reach-
ing peak brain levels at 15 minutes (107, 108). FOS is 
an excellent agent for the treatment of convulsive SE, 
both partial and generalized, but it is ineffective in the 
treatment of absence status (1). A marked advantage is 

TABLE 34-7
Medical Complications of Status Epilepticus

Tachycardia
Bradycardia
Cardiac arrhythmia
Cardiac arrest
Conduction disturbance
Congestive heart failure
Hypertension
Hypotension
Altered respiratory pattern
Pulmonary edema
Pneumonia
Oliguria
Uremia
Renal tubular necrosis
Lower nephron nephrosis
Rhabdomyolysis
Increased creatine phosphokinase
Myoglobinuria
Apnea
Anoxia
Hypoxia
CO2 narcosis
Intravascular coagulation
Metabolic and respiratory acidosis
Cerebral edema
Excessive perspiration
Dehydration
Endocrine failure
Altered pituitary function
Elevated prolactin
Elevated vasopressin
Hyperglycemia
Hypoglycemia
Increased plasma cortisol
Autonomic dysfunction
Fever
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that it does not depress respiration as other drugs do in 
this situation (1). The dose is prescribed as milligrams 
of PHT equivalents (PE). In young children, the initial 
IV FOS dose should be 15 to 25 mg PE/kg (109). In 
adolescents and adults, a dose of 18 mg PE/kg provides 
initial serum PHT levels greater than 25 µg/mL and is 
effective in maintaining serum levels of 10 µg/mL for 
24 hours (110). Cardiac conduction disturbances have 
not been seen, and hypotension is rare with infusion rates 
up to 150 mg PE/min (111). According to data from 
animal and human studies, most systemic adverse effects 
are due to the derived PHT, so the most common CNS 
effects include nystagmus, headache, ataxia, and som-
nolence. Intramuscular administration of FOS at doses 
from 10 to 20 mg PE/kg may allow for treatment in the 
field or when no IV access is present, potentially allow-
ing for more rapid seizure control. Therapeutic blood 
levels can be attained in 20 to 30 minutes following IM 
injection (112).

Although FOS has many advantages over PHT (IM 
route, safe when IV site infiltrates, faster rates of admin-
istration, and lack of solvent, cardiosuppressive effects), 
it is not available in all facilities and frequently is not 
available outside the United States. FOS is significantly 
more expensive that PHT, but pharmacokinetics studies 
in patients can demonstrate its overall advantage.

Phenytoin

Phenytoin is an excellent agent for the treatment of con-
vulsive SE, both partial and generalized, but it is not 
indicated in the treatment of absence status (1). After 
IV administration PHT reaches peak brain levels at 
15 minutes (107, 108). A marked advantage of PHT is 
that it does not cause significant respiratory depression (1). 
As demonstrated by the VA study, it is best administered 
in combination with a benzodiazepine to ensure a rapid 
anticonvulsant effect, followed by the long-lasting efficacy 
of PHT (81). The ECG should be monitored during admin-
istration because of hypotension and cardiac conduction 
disturbances, primarily in adults or children with preex-
isting cardiac disease (1). The rate of infusion should be 
less than 50 mg/min in adults or 25 mg/min in children. 
Intravenous injection should be directly into the vein 
or IV line close to venous access because precipitation 
is likely to occur in most IV solutions. Intramuscu-
lar administration of PHT is discouraged because of 
crystallization, muscle destruction, and unpredictable 
absorption (113).

Pentobarbital

Pentobarbital is used at many institutions for refrac-
tory SE. Following a loading dose of 20 mg/kg, 

1 to 2 mg/kg/hr is given IV to keep the serum level at 
20 to 40 µg/mL to produce electrographic suppression 
or burst-suppression pattern. Pentobarbital’s half-life is 
approximately 20 hours. Most authorities stop pento-
barbital coma at 24 to 48 hours to determine whether 
SE subsides (114). Cardiac output and blood pres-
sure are compromised at levels higher than 40 g/mL. 
Unfortunately, refractory SE requiring coma with pen-
tobarbital or other anesthetic agents to produce EEG 
suppression is associated with a higher rate of morbid-
ity and mortality (69).

Other Agents

When SE is resistant to benzodiazepines, PB, and PHT, 
paraldehyde was previously used (1). Paraldehyde IV 
solution is no longer commercially available in the United 
States, but rectal solution is sometimes still used. For 
rectal administration a 2:1 paraldehyde oil (vegetable or 
peanut) mixture is administered at 0.3 mL/kg per dose 
with doses repeated every 2 to 4 hours (115). Intravenous 
lidocaine may alternatively be used for the treatment of 
SE. There are no large, double-blind, placebo-controlled 
studies of the efficacy of lidocaine, but numerous case 
reports and case series suggest an initial bolus of 1 to 
3 mg/kg followed by slow infusion of 4 to 10 mg/kg/hr 
(107, 116). The principal side effect is cardiovascular 
dysfunction. Paradoxical convulsions may occur as levels 
of lidocaine elevate.

In addition to lidocaine, other anesthetic agents 
have been used for seizure and EEG suppression (1). The 
foremost of these is propofol, and its use in the treatment 
of refractory SE has recently been reviewed (117). Based 
on case reports and two small, open, uncontrolled stud-
ies, propofol is no better than other second-line agents 
for ultimate control of prolonged seizures, but com-
pared with high-dose barbiturate therapy, the time to 
attain seizure control appears markedly reduced (118). 
This promising property of propofol is, however, off-
set in the pediatric population by two drawbacks. The 
metabolism of this drug is exceedingly rapid, and esca-
lating doses are required to maintain adequate blood 
levels, without which breakthrough seizures and SE 
are common. Several cases of severe metabolic acidosis 
and rhabdomyolysis have also been reported (119). The 
propofol infusion syndrome in children has been 
reviewed (120), and there are now clear guidelines for 
safe use and wide recognition of the need to limit the 
total dose received.

Intravenous VPA may be given to patients with 
epilepsy when it is not possible to maintain concentra-
tions by the oral route. Although there still have been 
no multicenter, controlled trials of IV valproate in SE, 
the are multiple reports of improvement in patients with 
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refractory SE (121–124). Doses in these studies of sei-
zures and SE were usually an IV bolus of 15 to 30 mg/kg 
followed by continuous or intermittent infusions at rates 
of 0.5 to 1.0 mg/kg/hr. We presently recommend admin-
istering the available VPA for IV use diluted 1:1 at a 
rate of 6 mg/kg/min for rapid replacement or when sei-
zures are refractory to other therapies (125). Steady-state 
concentrations greater than 50 mg/L have been reported 
after administration of IV VPA 15 mg/kg followed 1 to 
3 hours later by either IV VPA or sustained-release oral 
divalproex sodium 7.0 mg/kg every 8 hours or 4 mg/kg 
every 6 hours. When VPA concentrations must be main-
tained above 100 mg/L, the drug may need to be infused 
every 4 hours (126).

Research efforts concerning the optimal or first-
choice drug therapy of SE examine morbidity and 
mortality, along with the practical issues of drug adminis-
tration and adverse effects. What Holmes (80) concluded 
almost 20 years ago is still true today, no one drug of 
choice may be acceptable to all clinicians. Certainly LZP, 
DZP, MDZ, PHT, and PB are all useful agents for both 
the initial and continued therapy of SE (127–129). Thus, 
one’s choice of the initial and subsequent medications 
for the treatment of SE may depend on the individual 
patient characteristics, prior AED therapy, and physi-
cian preference. Most important, a protocol should be 
established so that prompt and appropriate emergency 
treatment can be given in an efficient manner (130). The 
use of IV VPA in SE is currently being defined. There are 
also an increasing number of reports supporting agents 
such as topiramate and levetiracetam in SE (131–133), 
and ongoing studies are exploring the roles of alternative 
forms of administering benzodiazepines.

MEDICAL COMPLICATIONS OF 
STATUS EPILEPTICUS

The treatment of SE requires close monitoring of 
physiologic variables and excellent nursing to prevent 
secondary complications (3, 7, 74). Besides the under-
lying or precipitating disease states associated with 
SE, subsequent medical complications are quite com-
mon. Pulmonary care, proper positioning, and careful 
observation of seizures, noting the possible changes 
in seizure pattern, are mandatory. Frequent surveil-
lance and normalization of glucose and electrolytes, 
particularly in neonates and small infants, is manda-
tory. Optimal oxygenation and expectant observation 
and treatment for hyperthermia and other medical 
complications lead directly to a lessening of morbidity 
and mortality. Cardiovascular, respiratory, and renal 
effects may be severe. Medical complications of SE, 
which may occur in both infants and older children, 
are listed in Table 34-7.

When hyperthermia is resistant to rectally adminis-
tered antipyretics and cooling blankets, muscular block-
ade may be necessary. EEG monitoring is a necessity when 
this is performed. A rise in blood pressure consistently 
accompanies seizures but rarely requires antihyperten-
sive medication unless the child is at risk for malignant 
hypertension. Unfortunately, treatment may result in 
hypotension and reduce cerebral perfusion pressure. Very 
infrequently does cerebral edema or increased intracranial 
pressure become problematic during most cases of SE not 
associated with an intracranial mass. The use of osmotic 
diuretics and steroids are therefore rarely indicated in the 
routine treatment of SE.

NONCONVULSIVE STATUS 
EPILEPTICUS (NCSE)

Convulsive generalized tonic-clonic SE may evolve into 
nonconvulsive or subtle SE either without treatment as 
part of its natural history or because of partially successful 
drug treatment. The incidence of posttreatment subtle SE 
has been placed as high as 48% in patients requiring inten-
sive care management (8). NCSE has also been reported as 
an unrecognized cause of coma in intensive care unit (ICU) 
patients, with up to 8% of adults and 33% of pediatric 
patients having EEGs that met criteria for this diagnosis 
(134, 135). The mortality in such cases has been difficult 
to isolate from the associated acute medical illnesses, but 
ranges from 33% to 52%, rising well above that for the 
SE population as a whole. Multifactorial analysis does 
suggest, however, that the morbidity and mortality in this 
group are most closely correlated with the delay in time 
to diagnosis (duration of seizure) and serum levels of NSE 
(53, 54). Shnecker and Fountain reviewed the records of 
100 consecutive NCSE patients, confirming a similarly 
high mortality rate of 39% in one subgroup and suggest-
ing that, in addition, severe mental status impairment and 
acute medical complications influence outcome, but the 
nature of their EEG discharges do not (136). Treatment 
of subtle SE is identical to that of refractory SE, and the 
central theme to improving outcome is early recognition 
and intensive EEG monitoring.

In addition to postconvulsive subtle seizures, NCSE 
also presents as prolonged complex partial, absence, 
myoclonic, or atonic seizures. These confusional or 
fugue states are a separate entity from the previously 
described subtle SE. Childhood conditions with periods 
of frequently occurring seizures that meet the definition 
of SE include the syndromes of West (infantile spasms/
hypsarrhythmia), Lennox-Gastaut, Landau-Kleffner, 
childhood absence (pyknolepsy), continuous spike-wave 
during sleep, and continuous occipital spike-wave dur-
ing sleep (90). Furthermore, neonatal seizures, with their 
various subtle and sometimes variable symptomatology, 
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may sometimes represent SE. Specific etiologies should 
always be considered in these cases.

EEG monitoring reveals continuous or noncon-
tinuous generalized, symmetric or diffuse, and irregular 
1.5- to 4-Hz multispike-and-wave complexes in absence 
status, as opposed to the partial discharges seen in SE 
because of complex partial seizures (60). Clinically, a 
child in absence status usually demonstrates partial 
responsiveness with confusion, disorientation, speech 
arrest, amnesia, and sometimes automatisms (137). 
Total unresponsiveness with stereotyped automatisms is 
usually lacking in absence status (137). Complex par-
tial SE is more likely to be fluctuating, sometimes with 
nearly cyclical impairment of consciousness, including 
total unresponsiveness and more complex stereotyped 
automatisms, with wandering eye movements or eye d 
eviations (138, 139).

The therapy of complex partial SE is similar therapy 
for convulsive SE. For absence status, IV LZP or DZP 
is excellent. This medication should then be followed 
quickly by IV VPA or oral, nasogastric, or rectal doses of 
ethosuximide or clonazepam. Rarely, combined admin-
istration of VPA and clonazepam may produce absence 
status. Some children with Lennox-Gastaut syndrome 
have seizures exacerbated by benzodiazepines (127). Case 
reports demonstrate the response of refractory partial 

SE to clobazam (140) and refractory absence SE to pro-
pofol or IV VPA (141, 142). Respiratory support is less 
problematic in NCSE than in convulsive forms; however, 
some patients have difficulty handling secretions in their 
“twilight state” or spike wave stupor.

CONCLUSIONS

Similar to other seizure types, SE represents a symptom 
of CNS dysfunction. However, it signifies severe mal-
function. The etiology of SE must be sought out, because 
the highest percentage of SE is symptomatic, particularly 
in young children. Judicious use of routine laboratory 
tests coupled with neuroradiologic studies and lumbar 
puncture should be used in almost every patient. Those 
patients who remain in prolonged coma may harbor a 
disease such as intracranial hemorrhage, meningitis, or 
encephalitis, and in general have a poorer prognosis, 
as do all patients with prolonged or uncontrollable SE. 
Recent studies dispute the prior morbidity and mortal-
ity figures for SE at approximately two-thirds. A better 
prognosis seems possible if seizures are controlled more 
rapidly while optimal support is given. Promptly recog-
nizing medical complications and treating concomitant 
diseases further improve outcome in all children.
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The Female Patient 
and Epilepsy

ippocrates noted that while epilepsy 
at birth tended to be resistant to 
cure, seizures whose origin was in 
later childhood tended to cease at 

puberty. In fact, some early Greek physicians suggested 
early sexual intercourse for such children in an attempt to 
provoke a cure. Though many seizure disorders improve 
during puberty, many worsen. In primarily generalized 
absence seizure, improvement is common, but a small 
proportion go on to develop generalized convulsive sei-
zures at puberty (1). Benign focal epilepsy remits during 
puberty (2). Photic-sensitive epilepsies generally begin 
during puberty, as do generalized tonic-clonic seizures 
on awakening (3, 4). Juvenile myoclonic epilepsy also 
begins at puberty and is more common in girls, and sei-
zures often are more frequent during menses (5). Lennox-
Gastaut syndrome often worsens during puberty (6).

PHYSIOLOGY OF SEXUAL MATURATION

At puberty the hypothalamus begins to secrete gonadotropin-
releasing hormone (GnRH). This is carried in the por-
tal circulation to the anterior pituitary, which, in turn, 
releases follicle-stimulating hormone (FSH). Follicle-
stimulating hormone promotes the development of 
ovarian follicles. The ovarian follicles secrete estradiol. 

Mark S. Yerby

Lutenizing hormone (LH) is also secreted by the pituitary, 
but, unlike FSH, it has a pulsatile secretory pattern. It pro-
motes maturation of the ovarian follicle and ovulation. 
The remaining follicular cells then become the corpus 
luteum, which secretes progestins. At the point at which 
the corpus luteum is developed, the follicular phase ends 
and the luteal phase of the menstrual cycle begins. Pro-
gesterone inhibits secretion of GnRH, FSH, and LH. If 
there is no fertilization, the corpus luteum regresses, and 
estrogen and progestin levels decline. With this decline the 
GnRH secretion resumes and the cycle repeats.

There are direct connections from the temporal lobe 
to the hypothalamus. Aberrant discharges from the tem-
poral lobe may therefore impact hypothalamic activity and 
thus pituitary hormone secretion. Direct stimulation of the 
amygdala’s corticomedial zone increases GnRH (7) and 
stimulation of the basolateral region reduces GnRH (8).

ASSOCIATION OF MENSES WITH EPILEPSY

The term catamenial epilepsy (from the Greek kata, by; 
men, month) epilepsy refers to seizure exacerbation in 
relation to the menstrual cycle. Traditionally, the term 
has been used to refer to seizure exacerbation at the time 
of menstruation. It has long been a recognized phenom-
enon. Gowers was the first of the “modern” epileptologists 

H
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to recognize an association of increased seizures with 
menstruation (9). In 1904 Spratling reported that 25% 
of women had their seizures during menstruation (10). 
Turner reported in 1907 “The relationship between 
fits and menstruation has been well established” (11). 
Lennox and Cobb (12) wrote that “it is a well known fact 
that many female patients frequently have seizures near 
their menstrual period.” Subsequent reports were primar-
ily brief case series, and they show significant differences 
as to whether and to what degree catamenial epilepsy 
occurred. Although the phenomenon is well described 
and appreciated, a precise definition of catamenial epi-
lepsy has been elusive. In addition to a lack of precise 
definition, the length of observation required to make 
the diagnosis varies widely, and in many studies docu-
mentation has been merely the recollection of seizures 
by patients. Table 35-1 (13–23) gives one an idea of the 
range of observations.

Using a function definition and a prospective ques-
tionnaire, Duncan and colleagues (19) studied forty 
women of childbearing age with refractory epilepsy. They 
were asked to record their seizures and the first and last 
days of their menstrual periods. By defining catamenial 
epilepsy as the occurrence of at least 75% of seizures each 
month in the 10-day time frame that included the 4 days 
preceding menstruation and the 6 days after its onset, 
only 12.5% were identified who fulfilled the criterion. 
Nevertheless, after the study was completed, 78% of these 
patients claimed that most of their seizures occurred near 
the time of and were exacerbated by menstruation.

Thus, one can see that the notion of what represents 
an association with menses has a large subjective compo-
nent. If seizures are random events, then by chance alone 
many will occur during the menstrual period. That is not 

to say that the phenomenon does not exist but that its 
frequency is unclear.

More recent concepts of catamenial epilepsy have 
been established by prospective observation. Herkes and 
colleagues (24) followed 12 women for almost four years 
and found two peaks in seizure occurrence: one just prior 
to and during menstrual flow, and the other at midcycle. 
In addition they determined that anovulatory cycles were 
not associated with an increase in seizures.

Herzog and colleagues (25) have determined that 
catamenial epilepsies are a heterogenous group. They 
describe three patterns (Table 35-2). The least frequent 
are seizures occurring around ovulation. The most com-
mon are perimenstrual. There is yet a third group whose 
cycles tend to be anovulatory, and the exacerbation of 
seizures occurs throughout the entire luteal phase.

It is interesting to note that the first anticonvulsant 
drug, potassium bromide, was introduced to treat “hysteri-
cal epilepsy” in women. This term was previously used to 
describe seizures occurring during menstruation. During a 
presentation by Dr. Sieveking to the Royal Medical and 
Chirurgical Society of London on May 11, 1857, Sir Charles 
Locock commented that he had tried bromide for women 
with (hysterical or catamenial) epilepsy and had successfully 
prevented seizures in 13 of 14 patents treated (26).

Hormonal Changes in Catamenial Epilepsy

A number of investigators have noted a decrease in pro-
gesterone concentrations, particularly during the luteal 
phase (27–29). It appears as though estrogens poten-
tiate epileptiform discharges on EEG recording (30). 
Conversely, intravenous progestins reduce epileptiform 
spikes in women with epilepsy (WWE) (31). A number 
of investigators have demonstrated a protective effect 
of progesterone in animal models of epilepsy (32–34). 
Allopregnanolone, a metabolite of progesterone, has anti-
seizure activity. It acts as a modulator of GABAA recep-
tors, thus increasing seizure threshold (35). Cortisol levels 
are higher and dehydroepiandrosterone sulfate (DHEAS) 

TABLE 35-1
Rates of Catamenial Epilepsy

 RATE IN

AUTHOR PERCENT N

Dickerson, 1941 (13) 10 269
Ansell and Clarke, 1956 (14) 63 42
Laidlaw, 1956 (15) 72 50
Lennox and Lennox, 1960 (16) 48.5 686
Rosciszewska, 1980 (17) 58 69
Marques-Assis, 1981 (18) 27.4 1574
Duncan et al, 1993 (19) 12 40
Panayiotopoulos, 1994 (20) 24 
Towanabut et al, 1998 (21) 9.8 467
Herzog et al, 2004 (22) 39 87
Bazan et al, 2005 (23) 27 39 TLE
 35 14 extra
   temporal

TABLE 35-2
Patterns of Catamenial Epilepsy

SEIZURE FREQUENCY DURING THE MENSTRUAL CYCLE

PHASE  OVULATION ANOVULATION

Menstrual �3 to �3 0.59* 0.78
Follicular �4 to �9 0.41 0.49
Ovulation �10 to �13 0.50* 0.74
Luteal �12 to �4 0.40 0.74

P � 0.001. Source: Herzog et al, 1997 (25).
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levels lower in WWE, and these changes are even more 
pronounced in women whose seizures are poorly con-
trolled (36).

Attempts to use hormonal supplementation for 
women with catamenial epilepsy has met with mixed 
results. The use of medroxyprogesterone resulted in sei-
zure reduction in 7 of 14 treated women; however, 11 of 
them developed amenorrhea (37). A double-blind pacebo-
controlled trial of the progestin norethisterone (noreth-
indrone) was not effective (38). The use of intermittent 
progesterone by Herzog and colleagues (39) resulted in 
a 68% decline in complex partial seizures. Intravaginal 
progestone lozenges (200 mg), 3 times daily, were given 
from days 23 to 25 in women with perimenstrual cata-
menial epilepsy and from days 15 to 25 for those with 
exacerbation in the luteal phase. Seventy-two percent 
of women had a reduction of seizure frequency (40). 
Unfortunately the lozenges require the patient to remain 
supine following insertion, and vaginal spotting, breast 
tenderness, and depression may be seen with progesterone 
supplementation. It is felt that natural progesterone may 
be more effective than the synthetic hormone in reduc-
ing seizure frequency, and investigations in this area are 
under way (35).

Management of Catamenial Epilepsy

The effective management of catamenial epilepsy requires 
a precise diagnosis. Antiepileptic drugs (AEDs) are the 
first line of defense, and their use should be maximized 
before alternative therapies are considered. A careful 
compilation of a woman’s seizures and menstrual cycle 
on a calendar will demonstrate an association if it exists. 
The present author suggests doing so for at least three 
cycles in order to confirm the diagnosis.

Once a diagnosis of catamenial epilepsy has been 
established, one needs to demonstrate a progesterone defi-
ciency prior to supplementing a patient. Differentiating 
inadequate luteal phase and anovulatory cycles is impor-
tant in planning further investigations. A progesterone 
level measured during the midluteal phase (day 20–22 of a 
28-day cycle) should be higher than 5.0 ng/mL. Failure to 
attain this level implies inadequate progesterone produc-
tion and suggests that supplementation with progesterone 
may be helpful.

Determining ovulation is a bit more tedious. The 
failure of the basal body temperature to rise by 0.7°F for 
at least 10 days during the second half of the cycle implies 
failure of ovulation. If this occurs, further investigation 
is required to rule out polycystic ovarian disorder with 
ultrasound. There are now available a number of “ovula-
tion kits” a woman can purchase over the counter that 
are quite accurate.

Once the preliminary studies are complete, one can 
categorize the patient into two groups: one with low 

progesterone and one with normal progesterone levels. 
Low-progesterone patients may benefit form proges-
terone supplementation. A variety of approaches are 
available. Progesterone creams may be useful, but their 
concentration and absorption are quite variable, and so 
is their effectiveness. A natural progesterone creams or 
lozenge can be prepared by a compounding pharmacist. 
Herzog (39) recommends 100 to 200 mg three to four 
times a day. The target progesterone levels are 5–25 ng/mL. 
Synthetic progestational agents such as medroxyproges-
terone may be administered intramuscularly 120–150 
mg every 6–12 weeks. Cessation of menses can occur, 
as can hot flashes, vaginal bleeding, and breast tender-
ness. Such an approach limits one’s ability to adjust the 
dosage quickly (41, 40). Most authors have not found oral 
synthetic progesterone effective (42, 43). Many women, 
unfortunately, suffer from side effects of progesterone, 
limiting its utility. Sedation, depression, breast tender-
ness, weight gain, and vaginal spotting have frequently 
been reported.

For women with normal progesterone levels, one 
must determine whether they are ovulating or having 
anovulatory cycles. In ovulatory patients the present 
author has had some success with the continuous use 
of oral contraceptives such as Nordette® (levonorgestrel 
0.15 mg, ethinyl estradiol 0.03 mg).

In anovulatory patients one must first rule out ovar-
ian dysfunction, particularly polycystic ovaries. If oth-
erwise normal, a short course of clomiphine to restore 
ovulation may be effective.

Catamenial epilepsy represents a challenge for epi-
leptologists. It is hoped that with more research into the 
mechanisms by which hormones effect seizures, better 
therapies may result.

INFERTILITY IN WWE

Infertility and Reproductive Abnormalities

Epidemiologic studies have demonstrated that women 
with epilepsy have only one-fourth to one-third as many 
children as women in the general population (44, 45). A 
variety of hypotheses have been developed to explain this 
phenomenon. A direct effect of seizures or epileptiform 
discharges on pituitary and hypothalamus could disrupt 
ovulation. Electroconvulsive therapy increases prolactin 
concentrations over 5-fold within 15 to 20 minutes, and 
in premenopausal women there is an acute increase in 
LH and FSH. Generalized seizures also increase prolactin 
serum concentrations within 15 to 20 minutes by a factor 
3-fold. This fact has been used to assist physicians in dif-
ferentiating epileptic from nonepileptic seizures (46).

WWE have higher rates of reproductive and endo-
crine disorders (RED) than expected. In a large clini-
cal center 50% of WWE were found to have menstrual 
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abnormalities, 20% amenorrheic and 35% anovula-
tory (47). Herzog and co-workers (48) was among the 
first to demonstrate RED in women with temporal lobe 
epilepsy. Women with primary generalized epilepsies also 
have RED. Five of 20 women studied by Bilo and col-
leagues (44) had RED: 3 with polycystic ovarian disease 
and 2 with hypogonadotropic hypogonadism.

AEDs may also interfere with the hypothalamic-
pituitary axis. Amenorrhea, oligomenorrhea, and pro-
longed or irregular cycles have been described in WWE by 
Isojarvi and colleagues (45). WWE taking valproate were 
overrepresented; 45% of those on valproate monother-
apy and 25% on valproate polytherapy had menstrual 
disturbances. Polycystic ovaries were found in 4% of 
valproate-treated women and 80% of women treated with 
valproate before the age of 29 had polycystic ovaries.

Women with epilepsy have more variation in lutein-
izing hormone (LH) pulse frequency and lower LH con-
centrations than controls (46). In addition, women with 
left-sided ictal epileptiform foci had polycystic ovarian 
disease, and those with right-sided foci had hypogonado-
tropic hypogonadism.

Libido is significantly reduced in one-third of men 
and women with epilepsy (49). Increasing seizure fre-
quency appears to decrease sexual desire, while there 
is no difference in libido between treated and untreated 
WWE. Hyposexuality and orgasmic dysfunction has 
been reported in 8% to 68% of WWE (50). Persons with 
localization-related epilepsies appear to have higher rates 
of sexual dysfunction than those with primarily generalized 
epilepsies. Shukla and colleagues (51) demonstrated 64% 
of women with partial, compared to 8% of generalized, 
epilepsies report hyposexuality and sexual dysfunction.

The problem of infertility in WWE is therefore com-
plex. There are multiple factors—seizure type, frequency, 
and the site of ictal onset, as well as AEDs—that may 
affect an individual patient. Infertility in a couple deserves 
a careful evaluation of both partners. For WWE, ultraso-
nography (to rule out polycystic ovarian disease), serum 
LH and FSH concentrations, and an evaluation of AED 
use will help the clinician narrow the focus of treatment. 
As described previously, there is evidence that valproate 
may adversely impact the fertility of some women. If the 
patient’s seizures are controlled, discontinuation of val-
proate is not warranted unless polycystic ovarian disease 
or hypogondaotropic hypogonadism is found.

ANTIEPILEPTIC DRUGS AND HORMONAL 
CONTRACEPTIVES

A discussion of pregnancy needs to be preceded by 
reviewing the problems of contraception. Oral contracep-
tives have not been associated with exacerbation of epi-
lepsy (43). The effectiveness of hormonal contraceptives 

can, however, be reduced by enzyme-inducing AEDs 
(carbamazepine, phenytoin, phenobarbital, felbamate, 
topiramate). Hormonal contraceptives come in three 
formulations: oral (estrogen-progesterone combinations, 
or progesterone only); subcutaneous (levonorgestrel) 
or intrauterine (Progestasert®) implants; and inject-
able (Depo-Provera®). All three forms can be adversely 
impacted by enzyme-inducing AEDs.

AEDs may lower concentrations of estrogens by 
40% to 50%. They also increase sex hormone–binding 
globulin (SHBG), which increases the binding of proges-
terone and reducing the unbound fraction. The result is 
that hormonal contraception is less reliable with enzyme-
inducing AEDs.

The low- or mini-dose oral contraceptives are there-
fore to be used with caution. Because it is the progesterone, 
not the estrogen, that inhibits ovulation, using higher doses 
of estrogens alone may not be effective. The more rapid 
clearance of the oral contraceptive, when used in conjunc-
tion with an enzyme-inducing AED, will reduce the likeli-
hood of unwanted side effects from higher-dose tablets.

Failures of implantable hormonal contraceptives 
have also occurred (52). Midcycle spotting or bleeding 
is a sign that ovulation is not suppressed. If this occurs, 
alternative or supplementary methods of contraception 
are required. Contraceptive failure may not always be 
predictable, even when midcycle spotting does not occur. 
Failure of basal body temperature to rise at midcycle can 
be used to document ovulatory suppression.

Medroxyprogesterone injections should be given every 
10 instead of 12 weeks to women on enzyme-inducing AEDs. 
This shorter cycle is less likely to result in unintended 
pregnancy (53).

For multiparous women with epilepsy, intrauter-
ine devices may be an excellent birth prevention choice. 
Alternatively, non-enzyme-inducing AEDs may need to 
be considered (valproate, lamotrigine, gabapentine, or 
zonisamide). A recent report suggests that topiramate 
at doses of less than 200 mg/day lacks enough enzyme 
induction to affect hormonal contraceptives. Higher 
doses, however, do reduce ethinyl estradiol concentra-
tions by 18% on 200 mg, 21% with 400 mg, and 30% 
with 800 mg of topiramate a day (54).

The importance of the potential impact of enzyme-
inducing AEDs cannot be underestimated. In a survey of 
294 general practices in the General Practice Research 
Database, 16.7% of women with epilepsy aged 15 to 45 
were taking an oral contraceptive. Two hundred were 
on an enzyme-inducing AED, and 56% on low-estrogen 
(�50 µg) hormonal contraceptives (55).

There has been at least one circumstance in which 
oral contraceptives affect AED concentration. Sabers and 
colleagues (56) have demonstrated a marked reduction 
in lamotrigine concentrations when oral contraceptives 
are also taken. The average plasma concentration in 
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22 women on lamotrigine monotherapy and an oral con-
traceptive was 13 µmol/L. In a similar group of women 
on lamotrigine monotherapy with no oral contraceptive 
use the plasma concentrations averaged 28 µmol/L; that 
is, the contraceptive was correlated with a significant 
reduction in AED concentration of over 50%. It has been 
suggested that oral contraceptives may induce the metab-
olism of glucuronidated drugs such as lamotrigine.

PREGNANCY

The majority of WWE can conceive and bear normal, 
healthy children. The pregnancies of WWE do present 
a greater risk for complications of pregnancy; they are 
more likely to have difficulties during labor, and there is 
a higher risk of adverse pregnancy outcomes.

Increased Seizure Frequency

One-quarter to one-third of WWE will have an increase 
in seizure frequency during pregnancy. This increase is 
unrelated to seizure type, duration of epilepsy, or seizure 
frequency in a previous pregnancy. Although most stud-
ies have demonstrated that the increase trends to occur 
toward the end of pregnancy, recent reports find that a 
substantial number (31%) have their increase in the first 
trimester (57).

Plasma concentrations of anticonvulsant drugs 
decline as pregnancy progresses, even in the face of con-
stant and, in some instances, increasing doses (58–61). 
Plasma concentrations tend to rise postpartum (62, 63). 
Although reduction of plasma drug concentration is not 
always accompanied by an increase in seizure frequency, 
virtually all women with increased seizures in pregnancy 
have subtherapeutic drug levels (64–67). The decline of 
anticonvulsant levels during pregnancy is largely a conse-
quence of decreased plasma protein binding (59, 68, 69), 
reduced concentration of albumin, and increased drug 
clearance (58, 65, 70, 71). The clearance rates are great-
est during the third trimester.

Seizures during pregnancy increase the risk of 
adverse pregnancy outcomes. Generalized, tonic-clonic 
seizures increase the risk for hypoxia and acidosis (72) 
as well as injury from blunt trauma. Canadian research-
ers have found that maternal seizures during gestation 
increase the risk of developmental delay (73). Although 
rare, stillbirths have occurred following a single general-
ized convulsion (74, 75), or series of seizures (76, 77).

Generalized (though not partial) convulsions 
occurring during labor can have a profound effect on 
fetal heart rate (78). The increased rate of neonatal 
hypoxia and low Apgar scores may be related to such 
events (69). Partial seizures may also have similar 
effects, if less often (79).

COMPLICATIONS IN THE OFFSPRING

Infants of mothers with epilepsy (IME) are at greater 
risk for a variety of adverse pregnancy outcomes. These 
include fetal death, congenital malformations, neonatal 
hemorrhage, low birth weight, developmental delay, feed-
ing difficulties, and childhood epilepsy.

Infant Mortality

Fetal death (defined as fetal loss after 20 weeks gesta-
tion) appears to be as common and perhaps as great 
a problem as congenital malformations and anomalies. 
Studies comparing stillbirth rates found higher rates in 
IME (1.3–14.0%) than in infants of mothers without 
epilepsy (1.2–7.8%).

Spontaneous abortions, defined as fetal loss prior to 
20 weeks of gestation, do appear to occur more commonly 
in infants of mothers with epilepsy (80). Women with 
localization-related epilepsies appear to be at greater risk 
for spontaneous abortions than those with other seizure 
types (81). Other studies have demonstrated increased 
rates of neonatal and perinatal death. Perinatal death 
rates range from 1.3% to 7.8%, compared to 1.0% to 
3.9% for controls.

Malformations

Fetal malformations have been associated with in-utero 
exposure to AED. Congenital malformations are defined 
as a physical defect requiring medical or surgical interven-
tion and resulting in a major functional disturbance.

IME, exposed to anticonvulsant drugs in utero, 
are twice as likely to develop birth defects as infants not 
exposed to these drugs. Malformation rates in the general 
population range from 2% to 3%. Reports of malforma-
tion rates in various populations of exposed infants range 
from 1.25% to 12.5% (71, 82–92). These combined esti-
mates yield a risk of malformations in a pregnancy of a 
WWE of 4% to 6%. Cleft lip, cleft palate, or both, and 
congenital heart disease account for many of the reported 
cases. Orofacial clefts are responsible for 30% of the 
increased risk of malformations in these infants (93–95).

A wide variety of congenital malformations have 
been reported, and every anticonvulsant drug has been 
implicated as a cause. No anticonvulsant drug can be 
considered absolutely safe in pregnancy, yet most of 
these drugs do not produce any specific pattern of major 
malformations.

An exception to the latter statement is the associa-
tion of sodium valproate with neural tube defects (NTD). 
Methodologic problems make frequency estimates impre-
cise since most published data are case reports, case series, 
or very small cohorts from registries that were not designed 
to evaluate pregnancy outcomes. The prevalence of spina 
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bifida (SB) with valproate exposure is approximately 
1% to 2% (96), and with carbamazepine 0.5% (97, 98). 
However, a prospective study in the Netherlands found 
that IME exposed to valproate had a 5.4% prevalence rate 
of SB. Average daily valproate doses were higher in the 
IME with SB (1,640 � 136 mg/day) than in the unaffected 
IME (941 � 48 mg/day) (99). Another group of investiga-
tors has found that valproate doses of 1,000 mg/day or less 
or plasma concentrations of less than 70 µg/mL or less are 
unlikely to case malformations (87, 90).

WWE, like all women of childbearing age, should 
take folate supplementation. The dose recommended by 
the Centers for Disease Control of 400 µg/day may not 
be high enough for many women who do not metabolize 
folate effectively. Even with folate supplementation, women 
taking valproate or carbamazepine should avail themselves 
of prenatal diagnostic ultrasound to rule out NTD.

Neonatal Hemorrhage

For many years it has been reported that IME are at 
greater risk for a unique form of neonatal hemorrhage, 
first described by Van Creveld (100), who suggested 
that vitamin K deficency might be the cause. It was first 
delineated as a syndrome by Mountain (101), but there 
have been numerous reports of in-utero AED exposure 
associated with neonatal hemorrhage (102–109). It was 
initially associated with exposure to phenobarbital or 
primidone but has subsequently also been described in 
children exposed to phenytoin, carbamazepine, diazepam, 
mephobarbital, amobarbital, and ethosuximide.

This disorder has been differentiated from other 
hemorrhagic disorders in infancy in that the bleeding 
occurs internally, during the first 24 hours after birth. 
Accurate prevalence figures are lacking.

The hemorrhage appears to be a result of a defi-
ciency of vitamin K-dependent clotting factors II, VII, IX, 
and X. Maternal coagulation parameters are invariably 
normal. The fetus, however, will demonstrate diminished 
clotting factors and prolonged prothrombin and partial 
thromboplastin times. A prothrombin precursor, protein 
induced by vitamin K absence (PIVKA), has been dis-
covered in the serum of mothers taking anticonvulsants 
(110). Assays for PIVKA may permit prenatal identifica-
tion of infants at risk for hemorrhage (111, 112).

The historical demonstration of an increased risk 
of neonatal hemorrhage, coupled with a demonstrated 
deficiency of vitamin K and the PIVKA, led clinicians 
to believe the relative lack of vitamin K and presence of 
PIVKA was the cause of this particular neonatal hemor-
rhage. Three studies demonstrated that oral maternal sup-
plementation increased neonatal vitamin K and reduced 
hemorrhage (113–115).

The practice of maternal vitamin K supplementa-
tion has been challanged. Kaaja and colleagues (2002) 

found no difference in the rates of neonatal hemorrhage 
in 667 infants of mothers with epilepsy (0.7%) and 1,334 
control infants (0.4%). No mothers in either group were 
supplimented with vitamin K, but all infants received 
intramuscular vitamin K at delivery. They felt that on 
the basis of their experience no evidence of a difference 
in clinical bleeding could be found; hence, supplementa-
tion was not recommended. Hey (117) measured cord 
blood from 137 infants of mothers with epilepsy taking 
phenobarbital, phenytoin, or carbamazepine and found 
that 14 of 105 had prolonged prothrombin times but 
none had any clinical bleeding. He felt that the lack of 
clinical bleeding in his series made supplementation with 
vitamin K inappropriate.

Some background may help clarify the apparent dif-
ferences in conclusions made by these observers. Vitamin 
K deficiency is common in a neonates. Maternal vita-
min levels are not reflected in cord blood. When Shearer 
and colleagues (118) measured vitamin K in mothers, 
they found values ranging from 0.13 to 0.29 ng/mL, but 
none in the cord blood. Even after IV supplementation 
raised levels to 45–93 ng/mL, cord values rose only to 
0–0.14 ng/mL. This descrepancy between maternal and 
neonatal vitamin K levels has led researchers to look for 
PIVKA as a proxy for vitamin K deficency. PIVKA is 
formed as a result of incomplete carboxylation of protein 
precursors of vitamin K and so is present when vitamin K 
is absent or present in very small concentrations.

The problem is in part that there is a confusion 
between vitamin K deficiency, laboratory evidence of 
abnormal coagulation parameters, and clinical bleed-
ing. Vitamin K deficiency is common, the presence of 
PIVKA less so, but clinical bleeding in neonatal life is rare. 
Shapiro et al (119) demonstrated that PIVKA presence is 
fairly uncommon in the general population of newborns 
(2.9%) and more common in premature infants. We have 
no good data on prevalence of neonatal hemorrhage in 
infants of mothers with epilepsy, but we do have reason-
ably accurate case reports.

We also have reasonable causation. Anticonvulsants 
can act like warfarin and can inhibit vitamin K trans-
port across the placenta. These effects can be overcome 
by large concentrations of the vitamin. Despite lower 
coagulation factor levels, the fetus is generally able to 
obtain enough maternal vitamin K in utero. After birth it 
must rely on exogenous sources of vitamin K because the 
newborn gut is sterile. Routine administration of vitamin 
K at birth is not adequate to prevent hemorrhage if any 
two of the coagulation factors fall below 5% of normal 
values (108). Successful treatment requires fresh frozen 
plasma intravenously.

It is not so much that Kaaja and Hey are incorrect 
but that it is extremely difficult to measure the effects of 
infrequent clinical outcomes. Neonatal hemorrhage is also 
unlikely to be identified unless it is severe and the child 
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clinically ill in those first 24 hours. The marked increase 
in PIVKA in IME suggests that they are at increased risk 
for hemorrhage, and the increase in developmental delay 
and need for additional educational assistance seen so 
often in this population suggests that small degrees of 
hemorrhage may effect the development of these infants 
(73, 120, 121).

To make matters more interesting, Howe and col-
leagues (122) suggest that vitamin K deficiency in a devel-
oping embryo results in a failure of vitamin K–dependent 
carboxylation processes, resulting in an accumulation of 
compounds that affect embryonic cartilaginous devel-
opment. Such children are at risk for midface hypopla-
sia. They base this hypothesis on the clinical similarities 
between the midface abnormalities seen in warfarin- and 
phenytoin-exposed children. Howe suggests that, because 
maternal supplementation with vitamin K reverses the 
deficiency, perhaps such supplementation should start 
prior to conception.

Therefore it is clear that one should offer maternal 
supplementation to pregnant women with epilepsy. The 
risk of neonatal hemorrhage, while low, clearly exists, 
as demonstrated by elevated PIVKA levels, particularly 
with enzyme-inducing AEDs. There is a lack of an effec-
tive intervention once a neonate bleeds. There is the 
additional possibility of small bleeds that, although not 
clinically detectable at birth, may have long-term effects. 
There is a hypothesized possibility of an association of 
decreased carboxylation secondary to decreased vitamin 
K and the development of some types of malformations. 
There is a lack of risk with the recommended vitamin 
K supplementation (10 mg/day). There is also a clear 
need for better prevalence data on the true risk of clinical 
bleeding in infants of mothers with epilepsy.

Low Birth Weight

Low birth weight (less than 2,500 g) and prematurity 
have been described in infants of mothers with epilepsy. 
The average rates range from 7% to 10% for low birth 
weight and 4% to 11% for prematurity (123–127). These 
studies do not analyze the effect of specific seizure types, 
frequency, or AED on this aspect of fetal development.

A prospective study that pooled data from three 
countries (Canada, Japan, and Italy) on 870 infants of 
mothers with epilepsy found that 7.8% were below the 
10th percentile in weight at birth (128). The risk was 
greater with polytherapy.

Body dimensions of IME have been studied by Wide 
and colleagues (128). Infants exposed to polytherapy not 
surprisingly, were shorter and smaller than those exposed 
to monotherapy. Exposure to monotherapy with carba-
mazepine revealed a tendency toward small birth weight 
and head circumference for gestational age, but it was 
not statistically significant.

Developmental Delay

With epilepsy having a prevalence of 0.6% to 1%, it is 
estimated that there are 24,000 deliveries to women with 
epilepsy in the United States each year. If 75% to 95% 
of these mothers take AEDs, we can expect 18,000 to 
22,800 infants exposed to AEDs in utero per year. It is 
estimated that half of all AED prescriptions are used for 
conditions other than epilepsy. Though these patient pop-
ulations may have fewer women of childbearing years, 
the number of exposed children is substantial.

Most investigators have focused on congenital mal-
formations as the primary adverse outcome for children 
of mothers with epilepsy. The rates are approximately 
double those in the general population. We would argue 
that the magnitude of developmental delay is similar.

Infants of mothers with epilepsy have been reported 
to have higher rates of mental retardation than controls. 
This risk is increased 2- to 7-fold according to various 
authors (130, 131). None of these early studies con-
trolled for parental intelligence; although differences in 
IQ scores at age 7 between groups of children exposed 
(FSIQ 	 91.7) or not exposed (FSIQ 	 96.8) to phe-
nytoin reached statistical significance, the clinical signifi-
cance of such difference is unclear (132). In comparing 
76 IME with 71 unexposed control children, Wide and 
colleagues (133) found no difference in scores on devel-
opmental tests but did find a tendency for phenytoin-
exposed children to have a greater reduction in tests of 
motor coordination.

Leavitt and colleagues found that IME display lower 
scores in measures of verbal acquisition at both 2 and 
3 years of age. Though there was no difference in physi-
cal growth parameters between IME and controls, IME 
scored significantly lower in the Bailey Scale of Infant 
Development’s mental developmental index (MDI) at 
2 and 3 years. They also performed significantly less 
well on the Bates Bretherton early language inventory 
(P � 0.02) and in the Peabody Picture Vocabulary’s 
scales of verbal reasoning (P � 0.001) and composite 
IQ (P � 0.01), and they displayed significantly shorter 
mean lengths of utterance (P � 0.001) (134).

Polytherapy-exposed infants performed signifi-
cantly less well on neuropsychometric testing than those 
exposed to monotherapy. Socioeconomic status had the 
strongest association with poor test scores, but maternal 
seizures during pregnancy were also a significant risk 
factor (135).

Leonard et al (74) have in part addressed the ques-
tion of whether maternal seizures or in utero exposure to 
AEDs are responsible for the developmental delay seen. 
A group of children of mothers with epilepsy followed 
to school age were found to have a rate of intellectual 
deficiency of 8.6%. The Wechsler Intelligence Scale for 
Children revealed significantly lower scores for children 
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exposed to seizures during gestation (100.3) than for 
children whose mothers’ seizures were controlled (104.1) 
or controls (112.9). All AEDs are clearly not created 
equal, and Koch and coworkers (136) have demonstrated 
that primidone, particularly when used in polytherapy, is 
associated with lower Wechsler score of intelligence.

Both maternal epilepsy and AED exposure in utero 
appear to affect development of offspring in a study by 
Koch et al. (136). Severity of outcomes increased from 
control, to maternal epilepsy with no AED exposure, to 
maternal epilepsy AED-exposed children.

An intensive retrospective analysis of 100 consecu-
tive pregnancies seen at a tertiary epilepsy center found 
that 3.9% of the children were premature, 1.1% had con-
genital malformations, and 6.2% developmental delay, all 
despite the fact that 59% of the mothers were seizure free 
and 98% took folic acid during their pregnancy (137).

Another retrospective study demonstrated that 16% 
of 594 children of mothers with epilepsy exposed to AED 
in utero, compared to 11% of 176 children with no AED 
exposure, required additional educational assistance in 
school. This was felt to be a reasonable marker for devel-
opmental delay. In addition, differences between AEDs 
were found, with 30% of children exposed to valproate 
monotherapy, 24% of those exposed to valproate poly-
therapy, but only 3.2% of children exposed to carbam-
azepine monotherapy requiring additional educational 
assistance (120). Monotherapy with other AEDs had 
rates of 6%, and polytherapy without valproate 16%.

The same cohort of children was studied to deter-
mine their IQ scores. Of 251 children tested, the mean IQ 
for valproate-exposed children was 82, compared to 95 
for carbamazepine-exposed and 92 for AED-unexposed 
children (138).

The authors followed up their initial cohort, eventu-
ally studying 249 children of mothers with epilepsy from 
ages 6 to 16. The numbers in monotherapy were modest: 
41 exposed to valproate, 52 to carbamazepine, 21 to phe-
nytoin. Forty-nine were exposed to polytherapy, and there 
were 80 unexposed children. The investigators used regres-
sion analysis to demonstrate that both exposure to valproate 
and frequent generalized tonic-clonic seizures in pregnancy 
increased the risk of low verbal IQ scores (139).

Three other studies have found increased rates of 
developmental delay in children exposed to carbamaze-
pine, ranging from 8% to 20% (140–142). One of these 
studies used only a single standard deviation from the 
mean to qualify as developmentally delayed and thus 
overstates the risk (141).

A retrospective study of mothers with epilepsy 
delivering in Scotland between 1976 and 2000 used the 
nonexposed siblings as controls. Developmental delay 
was demonstrated in 19% of 293 AED-exposed children, 
compared to just 3% of their nonexposed siblings. The 
rate of delay in valproate-exposed children was particu-

larly high: 37%. Congenital malformations were found 
in 14% of exposed and 5% of nonexposed siblings. The 
investigators also state that facial dysmorphism was pres-
ent in 52% of exposed and 25% of nonexposed siblings, 
which makes one wonder about the nature of this popu-
lation (143).

Reinisch and colleagues conducted double-blind 
studies examining intelligence in adult men with in-
utero exposure to phenobarbital (144). Their mothers 
by and large had not had epilepsy but took the drug 
for other indications. Unexposed members of the same 
birth cohort, matched on a large number of variables, 
were used as controls. The first study used the Wechsler 
Adult Intelligence Scale (Danish version); the second, 
the Danish Military Draft Board Intelligence Test. The 
authors concluded:

 • Men exposed prenatally to phenobarbital had sig-
nificantly lower verbal intelligence scores (approxi-
mately 0.5 SD or 7 IQ points) than predicted.

 • Lower socioeconomic status and being the offspring 
of an “unwanted” pregnancy increased the magni-
tude of the negative effects to a mean of 20 IQ points 
less than controls.

 • Exposure during the last trimester was the most 
detrimental.

In one of the best-designed prospective studies of out-
comes of mothers with epilepsy, Gaily and colleagues (145) 
measured the intelligence of 182 children of mothers with 
epilepsy and 141 controls. The investigators performing
the testing were blinded as to the child’s exposure. 
Table 35-3 is from their report.

This study suggests that children exposed to valpro-
ate and polytherapy are at higher risk for developmental 

TABLE 35-3
IQ Scores of Children of Mothers with Epilepsy 

and Controls

  MEAN MEAN MEAN

GROUP N VIQ PIQ FSIQ

Entire group 182 92.8 100.3 96.0
No AED 45 94.3 98.6 95.6
All mono Rx 107 94.4 101.9 98.0
CBZ mono Rx 86 96.2 103.1 99.7
VPA mono Rx 13 83.5 96.3 89.7
Other mono Rx 8 91.1 96.9 93.6
All poly Rx 30 84.9 97.1 89.5
VPA poly Rx 17 81.5 96.1 86.6
Control 141 94.9 102.4 97.6

Source: Gaily et al, 2004 (145).



48535 • THE FEMALE PATIENT AND EPILEPSY

delay than children exposed to carbamazepine or unex-
posed children.

MANAGEMENT OF THE PREGNANT 
WOMAN WITH EPILEPSY

Those who care for WWE face a dilemma. Seizures need to 
be prevented; but fetal exposure to anticonvulsant drugs 
needs to be minimized. Just as important is the fact that 
maternal seizures increase the risk of injury, miscarriage, 
epilepsy in the offspring, and developmental delay.

The major organ systems have formed by late in the 
first trimester. The posterior neuropore closes by day 27, 
and the palate by the 47th day of gestation. By the time 
most women realize they are pregnant, malformations 
already may have developed. WWE of childbearing age 
need to be informed of the risks of pregnancy associated 
with anticonvulsant use, prior to conception if at all pos-
sible. They also need to know that seizures can be harmful 
to mother and fetus and that risks can be reduced with 
proper care.

Many people appear to be unaware that even healthy 
parents have a 2–3% risk of having a child with a mal-
formation. Given the current state of the art, the best we 
can do is practice risk reduction. In general, risks can be 
minimized by the preconceptual use of multivitamins with 
folate, and using AED in monotherapy with the lowest 
effective dose and preventing maternal seizures. Monitor-
ing free drug levels, both prior to and during pregnancy, 
will permit accurate assessment of concentrations in a 
situation where plasma protein binding is in flux. Dose 
adjustment, however, should be made on a clinical basis. 
Plasma anticonvulsant drug concentrations will fall in 
pregnant women, but only a quarter to one-third will 
have an increase in seizures. Keep dosage as low as pos-
sible during conception and organogenesis. Raising the 
dosage during the third trimester to reduce the risk of 
seizures during labor may be advisable.

Supplementation with at least 0.4 mg/day of folate 
is recommended by the Centers for Disease Control for 
all women of childbearing age, whether or not they have 
epilepsy.

Vitamin K1, 10 mg/day, should be initiated late in 
the third trimester to prevent neonatal hemorrhage.

Breastfeeding is generally safe in term infants, as 
they have been exposed to the AED for 9 months and 
have induced their hepatic microsomal enzyme systems. 
However, breastfeeding should be done cautiously by 
women receiving phenobarbital or primidone because 
of the risk of infant sedation.

Pregnant women taking valproate should avail 
themselves of prenatal diagnostic techniques: ultrasound 
and alpha fetoprotein measurement. Ultrasonography has 
become much more accurate and, in experienced hands, 
can identify the vast majority of structural defects. Cur-
rent prenatal testing recommendations are as follows:

 1. Anatomic ultrasound at 11–13 weeks (this can iden-
tify the most severe defects, such as anencephaly)

 2. Maternal serum alpha fetoprotein
 3. Repeat anatomic ultrasound at 16 weeks (this can 

identify abnormalities such as orofacial clefts, heart 
defects, and caudal neural tube defects)

When a WWE initially presents to her neurologist, 
pregnant, her gestational age (GA) needs to be established 
with reasonable accuracy. One cannot rely on last men-
strual period (LMP) alone; an early ultrasound should be 
obtained to date the pregnancy. Once GA is established, 
a calendar can be planned with dates for monthly AED 
level checks, prenatal testing, and initiating Vitamin K 
supplementation determined ahead of time.

CONCLUSION

Young women with epilepsy face multiple issues in addi-
tion to the seizures themselves. Epilepsy may affect their 
libido, ability to reproduce, and effectiveness of hormonal 
contraceptives. A subset of patients will find that there is 
a direct effect of their menstrual cycles on their epilepsy. 
Pregnancy is generally a positive experience, with the 
vast majority of patients having healthy children. These 
issues present challenges but can be managed, permitting 
most young women to enter adulthood with the same 
expectations as their peers without seizures.
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Teratogenic Effects of 
Antiepileptic Medications

ot so long ago, people with epilepsy 
were often denied the fundamental 
right to form a family, prevented by 
prejudiced legislation and public 

attitudes. This, fortunately, is no longer the case, thanks 
to changes in social attitudes as well as improvements 
in diagnosis and therapy of epilepsy. Today, more and 
more women with epilepsy become pregnant and have 
children, and it has been estimated that 0.3–0.4% of all 
children today are born to mothers with epilepsy (1, 2). 
The vast majority of these women will have uneventful 
pregnancies and give birth to perfectly normal children. 
However, there are specific risks associated pregnancies in 
women with epilepsy, and the medical management dur-
ing gestation is a matter of special concern. The maternal 
and fetal risks associated with uncontrolled seizures gen-
erally necessitate continued drug treatment during preg-
nancy, but these seizure-related risks need to be weighed 
against the potential adverse outcomes in the offspring 
due to maternal use of antiepileptic drugs (AEDs). This 
chapter is dedicated to the latter part in this equation: 
the teratogenic effects of AEDs. The reader is referred to 
Chapter 35 for a discussion on how such effects are put 
into context for a rational management of women with 
epilepsy of childbearing potential.

The question whether AEDs may be harmful during 
pregnancy was first raised in a systematic way by Janz 

Torbjörn Tomson
Dina Battino

and Fuchs in 1964 (3), and the first report of adverse 
fetal effects of AEDs was published a few years later (4). 
Since then, all of the major old-generation AEDs, such 
as phenobarbital, phenytoin, valproate, and carbamaze-
pine, have been shown to be teratogenic. Less is known 
about the teratogenic potential of the newer-generation 
AEDs that have been introduced to the market during 
the last 15 years. Adverse outcomes reported in infants 
exposed to AEDs in utero include major congenital mal-
formations, minor anomalies and dysmorphism, growth 
retardation, and impaired cognitive development. 
Although the pathogenesis is likely to be multifacto-
rial, including genetic predisposition, socio-economic 
circumstances, seizures, and epilepsy, the available data 
strongly suggest that AEDs are the major cause for the 
increased risk of these adverse outcomes.

Other types of adverse pregnancy outcome (e.g., 
miscarriage, stillbirth, perinatal death, and neonatal 
haemorrhage) have also been associated with epilepsy. 
These aspects on pregnancy risks are, however, beyond 
the scope of this chapter and are dealt with elsewhere.

METHODOLOGICAL ASPECTS

Different methods have been used to assess the fetal risks 
associated with exposure to AEDs. The most simple is 

N
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based on spontaneous reporting of pregnancy outcome 
to manufacturers of AEDs. Such reports may be useful to 
obtain signals, but they suffer from selective reporting of 
adverse outcomes and lack of information on the denomi-
nator and thus cannot be used for a proper risk assess-
ment. Case-control designs have frequently been used, 
in which cases with, for example, specific malformations 
are compared to controls with respect to exposure to 
AEDs in utero. This design may be useful for uncommon 
outcomes, but it is associated with the risk of recall bias. 
Other studies utilize existing registries of, for example, 
drug prescriptions and cross-link those with registries of 
birth defects. Such registries can have the advantage of 
being population-based and sometimes even nationwide. 
They may thus be representative, but they generally lack 
information on other factors that could contribute to the 
outcome. Cohort studies are another common approach. 
The cohorts are generally identified through the epilepsy 
diagnosis of the mother. They are often hospital-based 
and can come from single hospitals, epilepsy centers, or 
from several collaborating clinics. Such studies can be 
retrospective or prospective. Retrospective identifica-
tion of the cohort is associated with the risk of selection 
bias, whereas prospective studies ideally identify and 
enroll women with epilepsy before any information on 
pregnancy outcome is known, thus avoiding the risk of 
selection bias. A special type of cohort studies, AED and 
pregnancy registries, has been established lately. These 
registries are prospective observational studies enrolling 
women with epilepsy early in pregnancy, collecting infor-
mation on drug exposure and other potential risk fac-
tors before outcome of the pregnancy is known. Women 
are followed throughout pregnancy, and the outcome, in 
terms of occurrence of birth defects in the offspring, is 
recorded. The advantage of such studies is that they may 
collect a high number of pregnancies, the type of drug 
exposure is recorded in an unbiased way without prior 
knowledge of teratogenic outcome, and detailed data on 
other relevant patient characteristics could be obtained. 
The internal validity of the risk assessments is therefore 
likely to be high whereas, the possibility to generalize 
from the results will depend on how pregnancies were 
enrolled.

However, even results of properly designed, prospec-
tive studies of teratogenic effects of AEDs may be difficult 
to interpret. The assessment of teratogenic effects is based 
on observational studies, and the women have not been 
randomized to different types of treatment. The selection 
of a particular drug or drug combination, the dosage, and 
the dosage schedule depend on individual environmental 
and genetic factors such as type of epilepsy and seizures, 
seizure frequency, comorbidity, and socioeconomic cir-
cumstances. These are factors that could be linked to the 
risk of malformations. An association between exposure 
to a certain AED and occurrence of adverse pregnancy 

outcome is thus not evidence of a causal relationship. The 
impact of possible confounders, such as type of epilepsy, 
seizure frequency, family history of birth defects, and 
exposure to additional risk factors, needs to be assessed, 
which requires large sample sizes. It is thus important to 
pay attention to methodological issues such as statistical 
power, reliability of collected data, and attempts to con-
trol for appropriate confounding factors in the analyses, 
rather than to just compare rates of adverse pregnancy 
outcome in published studies.

MAJOR CONGENITAL MALFORMATIONS

Epilepsy and Other Potential 
Confounding Factors

A large number of studies have confirmed an increased 
frequency of major malformations in offspring of women 
treated with antiepileptic drugs. The incidence of major 
congenital malformations has ranged from 4% to 10%, 
corresponding to a 2- to 4-fold increase from that expected 
in the general population (Table 36-1) (2, 3, 5–68).

Differences in treatment strategy, study populations, 
controls, and criteria for malformations can account for 
the variation in outcome. Whether this increase is caused 
by the AED treatment or at least to some extent is linked 
to the underlying epilepsy disorder has been a matter of 
debate (2). Some studies of malformations in offspring of 
women with epilepsy have included also those who were 
untreated during pregnancy. The results of 66 cohort stud-
ies that include pregnancies of women with treated as well 
as untreated epilepsy are summarized in Table 36-1. The 
table includes retrospective studies that are population-
based (5–16) and thus probably representative; retrospec-
tive hospital-based (2, 3, 55–68); prospective (22–54) and 
mixed prospective/retrospective (17–21) cohort studies. 
Irrespective of study methodology, these studies have 
consistently reported lower malformation rates among 
children of untreated mothers with epilepsy (on aver-
age 3.0%) than among those who have been exposed 
to AEDs in utero (6.6%). These observations have been 
confirmed in a recent meta-analysis of the evidence of 
epilepsy per se as a teratogenic risk (69). For this meta-
analysis, ten studies reporting rates of congenital malfor-
mations in offspring of untreated women with epilepsy 
(n 	 400) were selected. The malformation rate in this 
group was not higher than among offspring of nonepi-
leptic healthy controls (n 	 2492), odds ratio (OR) 1.92; 
95% confidence interval (CI) 0.92–4.00. The OR was 
0.99 (CI 0.49–2.01) after removal of some small studies 
likely to be affected by publication bias. The trend toward 
an increased risk of malformations among children of 
untreated women with epilepsy thus disappeared. The 
authors themselves, however, warned about the potential 
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bias derived by incomplete reporting of the exact nature 
of the epilepsy and lack of information on clinical indi-
cations for treatment discontinuation (69). Although, 
obviously, untreated women with epilepsy are different 
in many respects from those who are under treatment 
during pregnancy, the available evidence strongly sug-
gests that treatment is the major cause of increased risk 
of adverse pregnancy outcomes. Epilepsy-related factors 
nevertheless cannot be disregarded.

Overall Malformation Rates

Since the 1960s, numerous studies have confirmed mal-
formation rates of 4–10% in offspring of women treated 
for epilepsy during pregnancy. This is 2–3 times higher 
than expected in the general population and, as discussed 
above, also higher than among children of untreated 
mothers with epilepsy (Table 36-1). With slight varia-
tion, this 2–3-fold increase has been a consistent finding 
despite differences in populations, study design, and out-
come criteria. A major limitation in most studies to date is 
the small sample size. Large cohorts are obviously needed 
to draw conclusions when the prevalence of birth defects 
(fortunately) is no more than 4–10%. In fact, surpris-
ingly few studies comprise more than 500 pregnancies, 
which still, for the purpose of assessing the risk of birth 
defects, is a fairly small sample. The results of the exist-
ing 12 studies, each including at least 500 pregnancies, 
are summarized in Table 36-2 (7, 9, 16, 20, 31, 34, 42, 
70–74). The overall malformation rate was 5.2% among 
the altogether 12,603 exposed to AEDs in these studies. 
For comparison, birth defects were reported in 2.7% of 

1,820 epilepsy pregnancies without AED exposure from 
the same studies and 2.7% among offspring of nonepi-
leptic controls (Table 36-2).

Patterns of Malformations

The type of malformations and their frequency in preg-
nancies of women treated with AEDs, based on studies 
reporting specific birth defects, is presented in Figure 36-1 
(2, 8, 15, 24, 25, 39, 44, 51, 52, 58). The pattern is mostly 
the same as seen in the general population. Congenital 
heart defects have been the most common, followed by 
facial clefts, hypospadia, limb reduction deficits, and 
neural tube defects. It appears that the pattern of mal-
formations may vary with the type of AED, as indicated 
in Figure 36-2 (2, 6, 8, 11, 15, 17, 19, 23–25, 27, 28, 31, 
32, 39, 40, 45, 51–55, 57, 58, 71–89). Whereas cardiac 
defects dominate among children exposed to barbiturates 
and, to a lesser extent, those exposed to phenytoin and 
carbamazepine, neural tube defects and hypospadia are 
more common among offspring of mothers who took 
valproic acid during pregnancy. The risk of neural tube 
defects in association with valproic acid has been esti-
mated to be 1–2% of exposed infants (13, 90). Valproic 
acid has also been associated with skeletal abnormalities 
including radial aplasia (91, 92). An increased risk of neu-
ral tube defects of 0.5–1% has also been reported after 
carbamazepine exposure (93, 94). Changes in prescrip-
tion patterns and drug selection for women of childbear-
ing age with epilepsy can thus be expected to result in a 
shift in the pattern of malformations in the offspring of 
women with epilepsy.

TABLE 36-1
Malformation Rates in Offspring of Mothers with Epilepsy With or Without 

AED Treatment During Pregnancy

 OFFSPRING OF TREATED OFFSPRING OF UNTREATED

 MOTHERS WITH EPILEPSY MOTHERS WITH EPILEPSY

 TOTAL  TOTAL

 OUTCOMES MALFORMATIONS OUTCOMES MALFORMATIONS

N % N %

Retrospective, population-baseda 4,323 262 6.1% 1,606 48 3.0%
Mainly prospective cohortb 982 95 9.7% 229 4 1.7%
Purely prospective cohortsc 8,665 544 6.3% 1,742 46 2.6%
Retrospective cohortsd 2,622 188 7.2% 733 33 4.5%
Grand total 16,592 1,089 6.6% 4,310 131 3.0%

The table is based on 66 cohort studies that all include pregnancies of women with treated as well as untreated epilepsy.
aRefs. (5–16).
b(17–21).
c(22–54).
d(2, 3, 55–68).
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Risk Factors

Some of the studies summarized in Table 36-2 have applied 
multivariate analysis in an attempt to elucidate the role 
of the drug treatment and of other risk factors for the 
adverse pregnancy outcome. Nakane and coworkers thus 
identified familial epilepsy, previous miscarriage, partial 
epilepsy, and exposure to phenobarbital or primidone as 
risk factors for birth defects (20). Pooling data from five 
different prospective cohort studies, Samrén and cowork-
ers observed an increased risk with carbamazepine and 
valproic acid monotherapy compared with unexposed 
control pregnancies, with phenobarbital in combination 
with caffeine, as well as with high doses of valproic acid 
(72). High doses of valproic acid, exposure to monother-
apy with valproic acid or primidone, and malformations 
in siblings were associated with increased risks in the 
pooled prospective studies from Italy, Japan, and Canada 
(34). A prospective study from a single center in Finland 
reported monotherapy with carbamazepine, oxcarbaze-
pine, or valproic acid, low maternal serum folate concen-
trations and low maternal education as significant risk 
factors (31). In a population-based nationwide Swedish 

register study, polytherapy was associated with higher 
risks than monotherapy, and specifically monotherapy 
with valproic acid, as compared with carbamazepine (74). 
A Finnish nationwide study based on drug prescription 
registries identified polytherapy and monotherapy with 
valproic acid as associated with an increased risk for 
birth defects (75).

It is clear from these studies and from Table 36-2 
that polytherapy with antiepileptic drugs is associated 
with a higher malformation rate, 7.6%, than monother-
apy, 4.5%. This has been a consistent finding throughout 
most studies (95). Although, due to confounding factors, 
alternative interpretations are possible, this observation 
is supportive evidence for the contribution of the drug 
treatment to the increased risk of birth defects in chil-
dren of women with epilepsy. A decreased malformation 
rate, in parallel with a shift in the therapeutic strategy 
from polytherapy to monotherapy during pregnancy, is 
an additional observation supporting a causal relation-
ship between polytherapy and adverse pregnancy out-
come (96). Some specific combinations of AEDs have 

FIGURE 36-1

Rates of different types of malformations in offspring of mothers with epilepsy and under treatment with antiepileptic drugs 
(“AED exposed”); without treatment during pregnancy (“not on AEDs”); and of nonepileptic control women (“controls”). The 
figure is based on data from 10 studies, each providing information on specific malformations for these three categories (2, 8,
15, 24, 25, 39, 44, 51, 52, 58).
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been associated with particularly high malformation 
rates. Among the old-generation anticonvulsants, this has 
been suggested for the combination of carbamazepine, 
phenobarbital, and valproic acid (41). More recent stud-
ies have also indicated a considerable risk in association 
with valproic acid in combination with lamotrigine. The 
International Lamotrigine Pregnancy Registry reported 
major malformations in 12.5% of children exposed to this 
specific combination, compared with 2.9% in lamotrigine 
monotherapy (76). Morrow and collaborators (42) found 
birth defects among 9.6% of the offspring of mothers 
treated with valproic acid and lamotrigine combined, 
versus 3.2% associated with lamotrigine monotherapy 
and 6.2% in monotherapy with valproic acid. Although 
interesting, these observations need to be interpreted with 
great caution, since factors such as differences in drug 
dosages and severity of the maternal seizure disorder may 
contribute and were not controlled for.

A dose-effect relationship would be expected with a 
pharmacologic effect such as the teratogenicity of AEDs. 
So far this has been shown most convincingly and consis-
tently for valproic acid. Dosages above 800–1,000 mg/day 
have thus been associated with significantly higher risks 
for malformations than lower dosages (7, 19, 21, 34, 72, 
73, 91, 97). A recent publication from the UK Epilepsy 
and Pregnancy Register reported a positive dose response 

for major congenital malformations for lamotrigine as 
well; doses above 200 mg/day were associated with higher 
risks (42). This latter observation has, however, not yet 
been confirmed in other studies.

Genetic factors are obviously also of major impor-
tance to explain individual susceptibility to develop-
mental toxicity of AEDs. For example, in some women 
treated with valproic acid during pregnancy, the history 
of a pregnancy resulting in a neural tube defect may pre-
dict a high risk of further birth defects in subsequent 
pregnancies (98, 99).

Comparative Teratogenic Potential

Although all major old-generation AEDs have been 
shown to be teratogenic, the available information on 
the newer-generation antiepileptics, and, in particular, on 
potential differences between drugs in teratogenic poten-
tial, is more limited and less conclusive. Even in most of 
the largest cohort studies to date, the numbers on each 
individual drug as monotherapy have been too small to 
allow useful comparisons. Unfortunately, pooling of the 
data is hampered by differences between studies with 
respect to study populations, methodology, and outcome 
criteria. An internal comparison between different mono-
therapies within each of some major, fairly recent studies 

FIGURE 36-2

Rates of different types of malformations in offspring of mothers with epilepsy and under treatment with AEDs, by type of AED 
used in monotherapy. The graph is based on studies reporting specific malformations by type of monotherapy (2, 6, 8, 11, 15, 
17, 19, 23–25, 27, 28, 31, 32, 39, 40, 45, 51–55, 57, 58, 71–89).
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is presented in Figure 36-3. Although most studies fail 
to reveal significant differences between drugs, there is 
a trend for valproic acid to be associated with a higher 
risk of malformations than carbamazepine. In three of the 
included studies, this difference is significant (7, 42, 74). 
In this, as well as many other attempts for comparison 
between drugs, no distinction is made between differ-
ent types of major malformations. However, the concept 
“major malformations” can comprise a wide range of 
birth defects, some incapacitating, others of very limited 
consequences. A comparison between AEDs with respect 
to risks for specific malformations is thus desirable, not 
least since the types of birth defects are likely to dif-
fer (Figure 36-2). It is thus evident that larger studies 
are needed to obtain more information, in particular, on 
the new generation AED,s but also to permit multivari-
ate analysis in which potentially contributing factors are 
included in addition to drug exposure. This will be nec-
essary to advance from observed associations between 
exposure to a particular drug and pregnancy outcome 
to an assessment of causal relationships.

For these reasons, prospective AED and preg-
nancy registries have been set up in the late 1990s. The 
largest are The North American Antiepileptic Drugs and 

Pregnancy Registry (NAREP), the United Kingdom Epi-
lepsy and Pregnancy Register, and EURAP, an interna-
tional registry enrolling pregnancies from 40 countries 
in Europe, Australia, Asia, Oceania, and South America. 
Using somewhat different methodologies, each of these 
registries had enrolled 5,000–8,000 pregnancies by early 
2006, and two of them, NAREP and the UK registry, 
had published the first results on teratogenic outcome. 
NAREP discloses malformation rates associated with spe-
cific treatments as they are found to differ significantly 
from the background rate. Increased malformation rates 
in comparison with the general population have so far 
been identified with phenobarbital (relative risk [RR] 
4.2; 95% CI: 1.5–9.4) (100) and valproic acid (RR 7.3; 
4.4–12.2) (89). An internal comparison between different 
specific monotherapies from the same registry has not 
yet been presented, but the risk with phenobarbital was 
not significantly increased when compared to three other 
unspecified monotherapies taken together from the same 
registry (RR 2.0; 0.9–4.5), whereas the malformation rate 
with valproic acid was four times higher compared with 
all other monotherapies taken together (RR 4.0; 2.1–7.4). 
As yet, NAREP has not revealed any information in rela-
tion to the new-generation antiepileptic drugs. The UK 
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FIGURE 36-3

Odds ratios and 95% confidence intervals for major malformations associated with prenatal exposure to different AEDs in 
monotherapy relative to the risk associated with exposure to carbamazepine monotherapy (risk 	 1) in the same study. The 
figure presents data from seven recent comparatively large-scale studies.
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register recently published its first report based on 3,607 
cases (42). Using multivariate analysis, monotherapy with 
valproic acid was found to be associated with a higher 
risk than carbamazepine. The rate of major congenital 
malformations for pregnancies exposed to valproate 
monotherapy was 6.2% (95% CI: 4.6–8.2%), compared 
with 2.2% (1.4–3.4%) for carbamazepine. The malfor-
mation rate with lamotrigine monotherapy was 3.2% 
(2.1–4.9%) based on 647 pregnancies. Interestingly, the 
malformation rate in offspring of 227 untreated women 
with epilepsy was 3.5% (1.8–6.8%), very similar to the 
3.7% (3.0–4.5%) among the monotherapy exposures in 
general (n 	 2,468). The number of pregnancies with 
other new-generation antiepileptic drugs was too small 
for a meaningful assessment of the risks: 31 pregnan-
cies on gabapentin (1 malformation), 28 on topiramate 
(2 malformations), and 22 on levetiracetam (no malfor-
mation).

With the exception of lamotrigine, the information 
on human teratogenicity of the new generation AEDs is 
thus particularly scarce and mainly based on case series 
or uncontrolled studies. In one case series from Argentina, 
all of 35 pregnancies with oxcarbazepine monotherapy, 
enrolled at any stage prior to birth, had normal out-
come, while one of 20 pregnancies with oxcarbazepine as 
combination therapy resulted in a cardiac malformation 
(83). In the drug-prescription registry–based study from 
Finland, Artama et al (7) reported one urogenital malfor-
mation among 99 pregnancies with oxcarbazepine mono-
therapy. Of 16 retrospectively or prospectively enrolled 
women taking gabapentin as monotherapy from onset 
of pregnancy, one resulted in an infant born with one 
kidney (65). These studies are clearly far too small to 
allow any firm conclusions as to the teratogenic potential 
of oxcarbazepine or gabapentin.

Considerably more information is available on 
lamotrigine through the International Lamotrigine Preg-
nancy Registry (76), the manufacturer’s voluntary report-
ing system. By March 2004, this registry had included 12 
major malformations among 414 prospective lamotrigine 
monotherapy exposures, 2.9% (1.6–5.1%). Although 
systematically collected information on the outcome of 
pregnancies with a specific AED is of importance, the 
value is limited by possible selection bias and in particular 
of lack of comparator.

MINOR ANOMALIES AND FETAL 
ANTIEPILEPTIC DRUG SYNDROMES

Minor anomalies are structural variations that are vis-
ible at birth but without medical, surgical or cosmetic 
importance. Such anomalies frequently occur in normal 
unexposed infants, but combinations of several anomalies 
are less common and can form a pattern, or a dysmorphic 

syndrome, that may indicate a more severe underlying 
dysfunction. Minor anomalies and dysmorphic syn-
dromes have been reported to occur more frequently in 
infants of mothers treated for epilepsy during pregnancy. 
Facial features such as orbital hypertelorism, depressed 
nasal bridge, low-set ears, and micrognathia, along with 
distal digital hypoplasia, sometimes in combination with 
growth retardation and developmental delay, were first 
reported in association with exposure to phenytoin (101). 
Subsequently, however, similar patterns have been asso-
ciated with exposure to carbamazepine (82). Valproate 
exposure has been claimed to cause a somewhat different 
dysmorphic syndrome, characterized by thin arched eye-
brows with medial deficiency, broad nasal bridge, short 
anteverted nose, and a smooth long philtrum with thin 
upper lip (102). Such features have been suggested to 
be associated with, and indicative of, impaired cognitive 
development (57, 102). However, there is a consider-
able overlap in the various dysmorphisms, and their drug 
specificity has been questioned. A more general term, fetal 
or prenatal antiepileptic drug syndrome, has therefore 
been suggested (103). In addition, the pathogenesis is still 
somewhat controversial, and Gaily et al (104) attributed 
most of the minor anomalies to genetic factors rather than 
drug exposure. However, one study examined physical 
features of infants to women with a history of epilepsy 
but not taking antiepileptic drugs in pregnancy (105). 
No infants were found to have features of the fetal anti-
epileptic drug syndrome, suggesting that such features 
indeed are related to drug exposure. It should, however, 
be underlined that minor anomalies are much more dif-
ficult to assess objectively than major malformations and 
that the incidence of minor anomalies in exposed infants 
varies markedly between studies.

GROWTH RETARDATION

Several studies have reported that exposure to antiepileptic 
drugs is associated with an impaired intrauterine growth. 
Reduced birth weight, body length, and head circumfer-
ence in the offspring of women treated with phenytoin 
was reported already in the 1970s (106). Reductions in 
body dimensions, in particular head circumference, have 
been confirmed in several subsequent studies of larger 
cohorts (51, 71, 80, 107-111). Most studies report a 
more pronounced effect in infants exposed to polytherapy 
(107–111). However, the association with specific anti-
epileptic drugs in monotherapy varies. Some investigators 
found an association to phenobarbital and primidone, 
whereas others report carbamazepine to be most strongly 
associated to a small head circumference. Wide et al (110) 
studied body dimensions in infants exposed to antiepilep-
tic drugs in utero in a Swedish population over a period 
of 25 years, comparing data to the general population. 
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There was a clear trend toward normalization of the head 
circumference over the time period, in parallel with a 
shift from polytherapy toward monotherapy, despite an 
increasing use of carbamazepine. Other more recent stud-
ies also suggest that with present treatment strategies, 
where monotherapy prevails, microcephaly may no lon-
ger be more common among infants of mothers treated 
for epilepsy during pregnancy (44, 112), although smaller 
than expected head circumference is reported in some 
very recent studies (53). The reason for the particular 
interest in small head circumference, or microcephaly, 
is that it might signal a functional deficit. However, one 
study failed to find an association between a small head 
circumference in children exposed to antiepileptic drugs 
and cognitive functioning in adulthood (111).

EFFECTS ON POSTNATAL 
COGNITIVE DEVELOPMENT

A particularly important additional issue is whether 
exposure to antiepileptic drugs in utero could adversely 
affect the development of the child after birth. Long-term 
follow-up studies of large cohorts of exposed individuals 
are necessary in order to address this issue. Such studies 
are difficult to perform and also complicated to interpret 
because of several confounding factors and since environ-
mental factors become more important with increasing 
age of the child. Only few studies have been published, all 
with fairly small cohorts, and the results are conflicting. 
In a prospective population-based study, Gaily et al (113) 
found no influence on global IQ, and the observed cog-
nitive dysfunction in children exposed to AEDs, mainly 
phenytoin and carbamazepine, was attributed to maternal 
seizures and educational level of the parents rather than 
to the treatment. Wide et al (114), in another population-
based prospective study, found no difference in psycho-
motor development in children exposed to carbamazepine 
compared with control children of healthy mothers but a 
trend for phenytoin-exposed children to do slightly worse 
in some tests of motor coordination. Scolnik et al (115) 
reported lower global IQ in children exposed to phenyt-
oin but not in those exposed to carbamazepine. Normal 
intellectual capacity was found in most of 170 individu-
als exposed to phenobarbital and phenytoin, but 12% 
of the exposed subjects, in contrast to 1% of unexposed 
controls, had persistent learning problems (111).

A recent Cochrane Review concluded that the major-
ity of studies on developmental effects of antiepileptic 
drugs are of limited quality and that there is little evidence 
about which drugs carry more risks than others to the 
development of children exposed (116). Some studies in 
the last years, however, have suggested that exposure to 
valproic acid might be associated with a particular risk of 
adverse developmental effects (117, 118). A retrospective 

survey from the UK found additional educational needs to 
be considerably more common among children that had 
been exposed to valproic acid monotherapy than in those 
exposed to carbamazepine or in unexposed children (117). 
A more thorough investigation of partly the same cohort of 
children revealed significantly lower verbal IQ in children 
exposed to valproic acid monotherapy (mean 83.6, 95% 
CI 78.2–89.0, n 	 41) than in unexposed children (90.9, 
87.2–94.6, n 	 80) and children exposed to carbamazepine 
(94.1, 89.6–98.5, n 	 52) or phenytoin (98.5, 90.6–106.4, 
n 	 21) (118, 120). Multiple regression analysis identi-
fied exposure to valproic acid, five or more tonic-clonic 
seizures in pregnancy, and low maternal IQ to be associ-
ated with lower verbal IQ also after adjustment for con-
founding factors. Valproic acid doses above 800 mg/day 
were associated with lower verbal IQ than lower doses. 
Although efforts were made to control for confounding 
factors, these results should be interpreted with caution 
given the small numbers, the retrospective nature of the 
study, and the fact that only 40% of eligible mothers agreed 
to participate, which might introduce selection bias. The 
important signals from this report need to be confirmed 
or refuted in well-designed prospective studies. A recent 
small population-based prospective study from Finland 
found a lower verbal IQ in children exposed in utero to 
valproic acid and to polytherapy in general compared with 
nonexposed children or children exposed to carbamaze-
pine (120). However, this study could not demonstrate an 
independent effect of valproic acid because of small num-
bers (13 children exposed to valproic acid monotherapy) 
and because the results were confounded by low maternal 
education and polytherapy. Another small, prospective, 
population-based Finnish study signals a similar trend for 
worse outcome in children exposed to valproic acid but 
also points to the problem of confounding factors, because 
the mothers using valproic acid in pregnancy scored lower 
on IQ than other groups (121).

Although conclusive evidence is lacking, the sig-
nals concerning potential adverse effects of, particularly, 
valproic acid on postnatal development need to be con-
sidered seriously and be explored in adequately sized 
prospective studies. However, considering the method-
ological shortcomings and inconsistencies in the outcome 
of the available sparse studies of developmental effects 
of antiepileptic drugs in general, it must be concluded 
that to date we lack definitive evidence that long-term 
adverse outcomes in children of epileptic mothers can be 
ascribed to AEDs.

MECHANISMS OF TERATOGENICITY

A better understanding of the mechanisms behind the 
developmental toxicity of AEDs is essential for a more 
rational approach to the treatment of women with 
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epilepsy of childbearing potential. Such advancements 
might facilitate future development of new, nonterato-
genic AEDs, give clues to other protective measures, or 
help identify individual patients at particular risk. Clinical 
and experimental data demonstrate an individual vari-
ability in the susceptibility to developmental toxicity of 
AEDs and also in the expression of teratogenic outcome, 
suggesting a genetic influence (122–128).

All the structural defects, and the retardation of 
growth and development observed in children exposed 
to AEDs in utero, have been reproduced after drug expo-
sure to nonepileptic animals of various species (129) con-
firming the causal role of the antiepileptic drugs in the 
pathogenesis. As in humans, the pattern of malformations 
is to some extent different for different AEDs also in 
animal models, which suggests that multiple mechanisms 
are involved.

One of the earlier hypotheses suggests that the devel-
opmental toxicity of AEDs is related to their interference 
with folate metabolism. Folates are cofactors involved in 
the biosynthesis of nucleic acids and in the remethylation 
of homocysteine to methionine. In experimental studies, 
a folate-deficient diet has resulted in an increased inci-
dence of malformations in the offspring. Many AEDs, 
including phenobarbital, phenytoin, primidone, and 
carbamazepine, are known to reduce folate levels. Some 
clinical studies (130, 131) have reported an association 
between low maternal serum folate levels and adverse 
pregnancy outcome, including malformations. The lat-
ter observation, however, is controversial, because other 
studies have failed to confirm this finding. Pretreatment 
with folinic acid reduced valproic acid–induced mal-
formations in mouse models (132). In humans, extra 
periconceptional supplementation with folate has been 
demonstrated to reduce the risk of neural tube defects 
(133) and, at higher doses, also the risk of recurrence in 
high-risk groups (134). These clinical studies, however, 
did not study prevention of neural tube defects in women 
with epilepsy or on AEDs.

Although phenytoin and phenobarbital are the anti-
epileptic drugs that decrease folate levels the most, these 
drugs have been linked to neural tube defects to a lesser 
extent than valproic acid and carbamazepine, which have 
less apparent effects on folate levels. Nevertheless, the 
available experimental data suggest that interference with 
embryonic folate metabolism may be involved in some 
aspects of, in particular, valproic acid teratogenesis, and 
genetic factors related to folate metabolism may explain 
differences in susceptibility observed between different 
strains (132).

The 5,10-methylene tetrahydrofolate reductase 
(MTHFR) gene has been suggested as one candidate to 
explain genetic susceptibility to folic acid–sensitive mal-
formations (126). MTHFR is involved in the biotrans-
formation of folate and is highly polymorphic. Some 

mutations have been associated with increased risks of 
malformations such as neural tube defects, cleft palate, 
and congenital heart disease, which are often seen in rela-
tion to exposure to AEDs.

A prevailing hypothesis for many years has been 
that AEDs are metabolized to toxic reactive intermedi-
ates, which are responsible for the teratogenic effects (41, 
128, 129, 135–143). The toxic intermediate could be 
an arene oxide produced during oxidation of phenytoin, 
carbamazepine, or phenobarbital. In general, epoxides 
are highly reactive and may bind to fetal macromolecules 
in the embryo and thus cause teratogenic effects. Such 
epoxides are metabolized by the enzyme epoxide hydro-
lase and may accumulate and react if the rate of formation 
of the epoxide exceeds the elimination by epoxide hydro-
lase. The balance between enzyme activities catalyzing the 
formation and the elimination of reactive epoxides may 
be genetically determined and also affected by interac-
tions with AEDs. Interestingly, some specific combina-
tions of AEDs, notably carbamazepine, phenobarbital, 
and valproic acid, have been associated with a particu-
larly high rate of malformations (41). Hypothetically, 
carbamazepine’s and phenobarbital’s inducing effects on 
the formation of epoxides and valproic acid’s inhibitory 
effect on epoxide hydrolase could explain this particularly 
high risk. However, some of the most potent teratogenic 
AEDs, such as trimethadione, lack the premises to form 
epoxides. Potentiation of phenytoin teratogenesis by 
drugs inhibiting the cytochrome (CYP) P450-mediated 
metabolism (144) also argues against a role for the CYP 
system in teratogenic bioactivation of phenytoin.

Another postulated bioactivating pathway is co-
oxidation of AEDs to free radical intermediates. After 
interaction with molecular oxygen, these compounds can 
liberate reactive oxygen species (ROS), which may cause 
oxidative stress, thereby initiating teratogenicity. Defi-
ciency of free radical–scavenging enzymes, responsible 
for eliminating ROS, has been associated with malfor-
mations in the offspring of epileptic mothers exposed to 
anticonvulsants (145–147).

A more recent hypothesis suggests that many AEDs, 
such as phenytoin, trimethadione, carbamazepine, and 
phenobarbital, exert their developmental adverse effects 
by induction of episodes of embryonic cardiac arrhythmia 
during restricted periods of embryonic development (148). 
According to this hypothesis, the embryonic hypoxia is 
followed by reoxygenation and generation of ROS, which 
will cause tissue damage. Typical developmental toxicity 
effects, such as orofacial clefts, heart defects, distal digital 
defects, and growth retardation, can be induced in experi-
mental studies by hypoxia, and AEDs have been shown to 
affect the embryonic heart in animal models (149, 150). 
These embryonic cardiac effects have been linked to the 
drugs’ ability to block the rapid component of the delayed 
rectifying K� ion current, IKr (150). The noninnervated 
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embryonic heart is dependent on IKr for regulation of the 
cardiac rhythm during a restricted period and is very sus-
ceptible to arrhythmogenic action by IKr blockers. Drugs, 
anticonvulsant or otherwise, with such IKr-blocking prop-
erties have been associated with congenital malformations 
experimentally and in the clinic (150).

Recently, mechanisms involving homeobox (HOX) 
genes have also been proposed to explain teratogenicity 
of antiepileptic drugs (132). Retinoic acid signaling regu-
lates the transcription of such genes, essential for early 
brain development, and may respond to teratogens (151). 
Such mechanisms include alteration of the expression of 
retinoic acid receptor (152) and valproic acid inhibition 
of histone deacetylases (153–157), considered as key ele-
ments in the regulation of many genes playing important 
roles in cell proliferation and differentiation (159–161).

The mechanisms behind developmental toxicity of 
AEDs are thus presently far from completely understood 
and are likely to be multiple and also differ between 
drugs.

CONCLUSIONS

More than 40 years of research on risks associated with 
the treatment of epilepsy during pregnancy have taught 
us that use of AEDs is associated with a two- to three-
fold increase in the risk of major malformations in the 
offspring. This risk is mainly due to the treatment with 
AEDs, of which all of the old generation have been 
shown to be teratogenic. Although the pattern of birth 
defects apparently varies between drugs, there is limited 
conclusive evidence on differences in overall teratogenic 
potential. The available data, however, suggest that the 
risk of birth defects is higher in association with valproic 
acid than with carbamazepine. The data in this respect 
on the new-generation antiepileptic drugs is scarce, with 
lamotrigine as the only exception. The limited available 
comparative data indicate that the malformation rates 
associated with lamotrigine are similar to those seen with 
carbamazepine. No conclusions can as yet be drawn con-
cerning the teratogenic potential of other new-generation 
anticonvulsants.

The possibility that exposure to AEDs in utero may 
adversely affect the intellectual development in the off-
spring remains a major concern. All available studies 
have methodological limitations, but there are signals 
indicating worse outcome, in terms of lower verbal IQ, 
in children exposed to high doses (� 800 mg/day) of 
valproic acid. There are no consistent findings indicat-
ing similar adverse effects of other old-generation AEDs, 
whereas we lack data on this issue concerning the new-
generation drugs.

Polytherapy with AEDs is associated with higher 
malformation rates, and probably also increased risks of 
growth retardation, than is monotherapy. A dose response 
relationship with respect to birth defects as well as postnatal 
cognitive development has been demonstrated for valproic 
acid, and it is reasonable to assume such a relationship also 
for other drugs. How the teratogenic effects of low dosages 
of valproic acid (� 800–1,000 mg/day) compare with other 
antiepileptic drugs remains to be elucidated.

It should be kept in mind that none of these conclu-
sions are based on randomized clinical trials but rather 
on observational studies. Such studies can demonstrate 
associations, but because of the existence of confound-
ing factors it is more difficult to provide evidence for a 
causal relationship. Epilepsy may, in fact, confound the 
effects of treatment on child well-being because of envi-
ronmental factors or the effects of its associated genetic 
background. Even relatively well-established relationships 
between adverse pregnancy outcomes and drug factors 
cannot be assumed as if treatment itself were the causal 
agent, unless they are confirmed by control or matching 
for confounding variables. Specific clinical indications may 
confound the assessment of the teratogenicity of individual 
drugs. Failing to control for appropriate confounders may 
explain why, apart from the unquestionable teratogenic-
ity of antiepileptic drugs as a group, we lack so much of 
the needed conclusive data on the developmental toxicity 
associated with specific AEDs. The ongoing pregnancy 
registries, which are beginning to accumulate considerable 
numbers of pregnancies, will allow for more appropriate 
analyses, including important confounding factors, and 
thus, in the near future, hopefully provide more conclusive 
evidence on the differential teratogenic effects of AEDs.
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Pharmacokinetic Principles 
of Antiepileptic Therapy 
in Children

harmacokinetics is the study of 
changes in drug concentrations in 
the body of a patient over time for 
the purpose of understanding the 

time course of drug actions (1–4). The unique pharma-
cokinetics of each drug result from both drug-related 
and patient-related factors (Table 37-1). Patient-related 
factors are responsible for most of the variability in the 
relationship between drug doses and drug concentrations. 
However, differences in drug formulation can substan-
tially influence the time course of drug action.

FUNDAMENTAL PHARMACOKINETIC 
CONCEPTS

Pharmacokinetic principles are based on mathematical 
models. When a model is selected for a specific pharma-
cokinetic analysis, assumptions must be made to sim-
plify complex physiologic processes. Models are named 
according to the number of compartments that are con-
sidered and according to the type of kinetics that are 
applied: linear versus nonlinear. A one-compartment 
model assumes that the body is a single compartment, 
whereas a two-compartment model assumes that the 
body has two compartments: a central (vascular) 
compartment and a peripheral (tissue) compartment. 

W. Edwin Dodson

Although two-compartment models are preferable to 
one-compartment models, one-compartment models 
have been used most frequently in pharmacokinetic 
studies in patients (5).

The physical properties of a drug, such as its size, 
ionization constant (pKa), lipid and aqueous solubility, 
and dissolution rate, determine how the drug interacts 
with physiologic processes in the body. These interac-
tions result in kinetic patterns of absorption, distribu-
tion, metabolism (biotransformation), and excretion that 
are characteristic for each drug, and they determine the 
concentration of drug that is available to interact at tar-
get sites of drug action in the nervous system (6). Most 
antiepileptic drugs (AEDs) enter the nervous system by 
passive processes and interact with brain constituents 
at relatively low-affinity binding sites. However, recent 
work on multidrug resistance factors suggests that in 
some cases these factors may actively promote drug efflux 
out of epileptogenic tissue. At this point, however, the 
role of these factors in patients’ responses to AEDs has 
not been delineated (7–9).

Drug elimination comprises all of the mechanisms 
that act to remove a drug from the body. The elimina-
tion of AEDs is largely due to hepatic biotransformation 
and renal excretion. Although hepatic biotransformation 
can produce active metabolites, which contribute to drug 
action, most of the time drug metabolites do not have 

P
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antiepileptic activity. The total elimination rate is the 
sum of the elimination rates through all the mechanisms 
according to the equation

kel 	 krenal � khepatic � kother  (1)

Linear Elimination Kinetic

The mechanisms that eliminate most AEDs are capable of 
removing much more drug than is usually present. In these 
circumstances, the elimination mechanisms dispose of a 
constant fractional amount of the drug per unit of time, 
independent of the drug concentration. These processes 
have linear, first-order kinetics. When the elimination of 
a drug has linear kinetics, the relationship between the 
drug dose and the drug concentration in serum is linear 
and intuitively predictable.

Intravenous Dose and Drug Half-Life

It is easiest to evaluate drug elimination after intravenous 
(IV) dosing, when drug absorption is not an issue (2, 3). 
Immediately after an intravenous bolus dose, drug con-
centrations are very high in serum. At first, the drug level 
declines very rapidly, but later the rate of decline becomes 
slower (2, 3, 10) (Figure 37-1). The initial rapid decline 
(alpha phase) is due to the distribution of drug from 
the central, vascular compartment into peripheral tissue 
compartments. Later, the slower decline (beta phase) is 
determined predominantly by drug elimination. For a 
two-compartment model, the concentration-time curve 
after an intravenous dose is described by the equation:

Ct 	 A · e��t � B · e��t (2)

The terminal portion of the concentration-time curve 
is used to determine the half-life (t1/2) and the elimination 
rate constant (kel). The half-life is defined as the time that 
is required for the amount of drug in the body to decline 
by a factor of one-half. In a single-compartment model, 

the elimination rate constant is the slope of the declining 
curve, but in two-compartment models the elimination 
rate constant is more complex because of the simultaneous 
effects of drug distribution into the peripheral compart-
ment. In a two-compartment model, the beta half-life is 
calculated from the terminal portion of the concentration-
time curve. The half-life is related to the elimination rate 
constant according to the following relationship:

kel · t1/2 	 ln 2

The elimination rate constant has the dimensions of a 
fraction per unit time; the half-life has the dimension 
of time.

The half-life is important for several reasons. First, it 
indicates how much time is required for drug levels to sta-
bilize after the dose is changed (Figure 37-2). Whenever the 

TABLE 37-1
Factors That Determine the Pharmacokinetics 

of a Drug

DRUG-RELATED PATIENT-RELATED

FACTORS FACTORS

Size Pharmacogenetics
Ionization constant Age
Lipid solubility Nutritional state
Aqueous solubility Disease
Formulation Comedication
 Route of administration

100.0

10.0

10

0.1

0 4 6 8 10
Time (hours)

A B
A

B

Slope = β
Slope = α 

C
on

ce
nt

ra
tio

n

2

+

FIGURE 37-1

Semilogarithmic plot of intravenous concentration versus 
time curve based on a two-compartment model. Curve A is 
obtained by subtracting the extrapolated terminal portions of 
curve A � B. For more on exponential curve peeling see Riggs 
(10) and Greenblatt and Koch-Weser (2, 3).
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FIGURE 37-2

Effect of varying half-life on time to reach steady state and 
on the eventual concentration at steady state. The half-lives 
of curves A, B, and C are 4, 8, and 12 hours, respectively. 
Increasing the half-life delays steady state and results in 
higher concentrations.
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dose is changed, five half-lives must elapse before a steady 
state is reached and drug levels stabilize. Second, under 
steady-state conditions, the drug concentration is directly 
proportional to the half-life. If the half-life changes, the 
steady-state concentration changes. Third, the half-life 
ordinarily dictates how frequently doses should be admin-
istered. In most cases doses should be administered at 
intervals equal to or less than the half-life to limit the fluc-
tuation in drug levels between doses. For drugs that have a 
short half-life, retarding absorption by the administration 
of slow-release formulations also limits the fluctuation in 
drug levels between doses. This is discussed further with 
other aspects of drug absorption.

Volume of Distribution

The apparent volume of distribution (Vd) is the vol-
ume that the drug seems to occupy in the body. It is 
an imaginary volume that does not necessarily conform 
to anatomical compartments. The volume of distribu-
tion is the quotient of the amount of drug in the body 
divided by the drug concentration. Although the volume 
of distribution can be calculated several ways, the sim-
plest approach is to extrapolate the terminal phase of the 
intravenous concentration-time curve back to time zero 
and use that concentration (the theoretical concentration 
at time zero) to calculate Vd (2, 3). For example, if there is 
100 mg of drug in the body and the drug level at time zero 
is 10 mg/L, the volume of distribution is 10 L. The rel-
ative volume of distribution is the Vd divided by the 
patient’s weight. If the patient with a Vd of 10 L weighed 
20 kg, the patient’s relative volume of distribution (Vdrel)
would be 0.5 L/kg.

The volume of distribution has two important appli-
cations. First, it can be used to calculate loading doses. 
For example, a 100-mg loading dose will result in a level 
of 20 mg/L in a 10-kg child who has a Vdrel of 0.5 L/kg 
(dose 	 Vdrel · concentration · weight). Second, it is an 
important component of clearance.

Clearance

Clearance (Cl) summarizes all of the factors that act to 
reduce the drug concentration. Clearance is defined as 
the volume of distribution that is completely rid of drug 
per unit time; it has the dimensions of volume per time. 
Operationally, clearance is the product of the volume of 
distribution times the elimination rate constant: Cl 	
Vd · kel. Clearance is inversely related to half-life; a long 
half-life causes a low clearance (Cl 	 Vd(ln2/t1/2). The rela-
tive clearance (Clrel) is the clearance divided by weight.

The relative clearance is the best parameter for com-
paring drug dose requirements among different groups of 
patients. It also provides the most reliable basis for deter-
mining initial doses, because clearance accommodates for 

variations in body water and fat content. However, clear-
ance is rarely used to calculate doses, because the values 
are harder to remember than doses based on weight.

Steady State

A steady state exists when the rate of drug input equals 
the rate of drug output. When drug administration is 
initiated at a constant dose, the drug progressively accu-
mulates in the body until the clearance equals the dosing 
rate. Five half-lives are required to nearly reach a steady 
state.

Although the administration of large loading doses 
causes drug levels to increase rapidly, loading doses do 
not necessarily produce the same concentration that will 
occur at steady state (Figure 37-3). Steady-state concen-
trations depend on the maintenance doses, which are 
administered repeatedly. Thus, a steady state should never 
be assumed until a constant dose has been administered 
for a sufficient amount of time.

Under steady-state conditions, the average drug level 
in serum (Cm

ss) is constant and is equal to the dosing rate 
divided by the clearance:

Cm
ss 	

D

�
� Cl (3)

After clearance is replaced with its components, Vd and 
t1/2, it can be seen that the average drug level at steady 
state is directly related to the dosing rate and to the half-
life and inversely related to the volume of distribution:

Cm
ss 	

D

�
�

t1/ 2

Vd � ln 2
 (4)
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FIGURE 37-3

Effect of varying half-life after loading doses. Note that, inde-
pendent of the administration of a loading dose, 5 half-lives 
are required for levels to stabilize. The half-life for curve D is 
8 hrs, and that for curve E is 20 hrs.
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Drug Absorption

Drug absorption is described both in terms of the absorp-
tion rate and in terms of the extent of absorption, bio-
availability. The rate of absorption determines when the 
peak concentration occurs. Slowing the absorption rate 
postpones and reduces the peak concentration, attenu-
ating the range of the fluctuations in drug concentra-
tions between doses. Bioavailability (F) is a measure 
of the extent of drug absorption that is independent of 
time. Bioavailability is the quotient of the areas under 
the concentration-time curves for a nonintravenous dose 
divided by that for an IV dose. For example, the area 
under the curve after an oral dose divided by the area 
after the same dose IV is the bioavailability of the orally 
administered formulation. Bioavailability is expressed as 
either a fraction or a percent.

Several factors reduce the bioavailability of orally 
administered drugs. Failure to absorb the drug due to 
gastrointestinal (GI) disease, lack of tablet dissolution, 
and drug insolubility are obvious reasons. Bioavailability 
is also reduced when drugs are metabolized in the GI tract 
or in the liver before they reach the systemic circulation 
(so-called first-pass metabolism).

Bioequivalence is a measure that compares both the 
extent of absorption and the rate of absorption, but it does 
not require an IV dose. The bioequivalence of various oral 
formulations of a drug is determined before generic for-
mulations are authorized for marketing. Operationally, 
the absorption rate or time to peak concentration and the 
areas under the concentration-time curves for different 
formulations are compared. According to the Food and 
Drug Administration’s definition of bioequivalence, dif-
ferent oral formulations of the same drug are bioequiva-
lent if they differ by no more than 20%. However, these 
tolerance limits may be too broad for some patients with 
difficult-to-control epilepsy.

The route of drug administration influences the 
absorption rate and thereby affects the onset of drug 
action. IV administration increases drug levels fastest, 
making the drug available for entry into tissues nearly 
instantaneously. However, drugs that have limited 
aqueous solubility, such as carbamazepine, cannot be 
formulated for IV administration. Intramuscular (IM) 
administration of some drugs results in slower absorp-
tion than oral administration. In the case of lipophilic 
drugs with relatively poor aqueous solubility, such as 
phenytoin, absorption after IM administration is slow 
and erratic, although eventually complete. Among the 
AEDs, phenobarbital is best documented to be rapidly 
and reliably absorbed after IM administration. Pheno-
barbital concentrations usually reach peak values in less 
than 90 minutes in children (11).

Oral administration of AEDs is the cornerstone of 
the treatment of epilepsy. By and large, drugs with erratic 

or low bioavailability are not suitable for chronic anti-
epileptic therapy. Drugs with rapid absorption and short 
half-lives are manufactured in delayed or slowly absorbed 
formulations to help sustain drug levels between doses. 
Examples include valproate (Depakote® Sprinkles) and 
carbamazepine (Tegretol XR® and Carbatrol). As a general 
principle, slowly absorbed formulations are preferable for 
chronic antiepileptic therapy because they attenuate the 
fluctuations in drug concentrations between doses. The 
differing absorption rates of different drug formulations 
have important implications for generic substitution.

Rectal administration of AEDs is important for 
patients who take drugs that lack parenteral formula-
tions and for emergency situations when drugs cannot be 
administered either intravenously or orally. Rectal admin-
istration is also helpful when epileptic patients undergo 
surgery and cannot take their medications by mouth (12). 
Lipophilic antiepileptic drugs such as diazepam are rap-
idly and well absorbed after rectal administration (13). 
Typically, drugs in solution are absorbed faster and more 
reliably than drugs in suppositories. Rectal administra-
tion also reduces first-pass hepatic metabolism.

Many AEDs have been given rectally, including 
diazepam, clonazepam, lorazepam, nitrazepam, ethosuxi-
mide, valproic acid, carbamazepine, paraldehyde, and 
phenytoin (12, 14, 15). Diazepam has an extensive his-
tory of rectal administration and has been used to inter-
rupt serial seizures and status epilepticus and to prevent 
febrile seizures. After rectal administration of diazepam 
solutions in doses of 0.5 to 1 mg/kg, peak concentra-
tions usually occur in less than 10 minutes (16, 17). The 
absorption kinetics of carbamazepine in suspension are 
similar after oral and rectal administration, but rectal 
administration of carbamazepine suspension produces a 
strong defecatory urge (18).

Drug Elimination

The route of drug elimination plays an important role 
in determining a drug’s pharmacokinetics as well as its 
vulnerability to pharmacokinetic interactions. Drugs that 
are eliminated mainly by hepatic metabolism to inactive 
metabolites include carbamazepine, ethosuximide, phe-
nytoin, lamotrigine, tiagabine, zonisamide, and various 
benzodiazepines. Several antiepileptic drugs are elimi-
nated both by hepatic biotransformation and by renal 
excretion of unmetabolized drug. These include phe-
nobarbital, felbamate, oxcarbazepine, topiramate, and 
valproate. All of these are subject to substantial hepatic 
metabolism, and altered hepatic processing affects serum 
levels substantially. Gabapentin, pregabalin, and vigaba-
trin are eliminated exclusively by urinary excretion and 
are impervious to the effects of other drugs on hepatic 
drug-metabolizing capacity.
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The vulnerability of an AED to pharmacokinetic 
interactions depends how it is eliminated, the extent 
of induction and/or inhibition of the elimination pro-
cesses, and the resultant capacity of the drug eliminat-
ing mechanisms relative to the amount of drug available 
for elimination (19). AEDs developed prior to 1990 are 
more vulnerable to interactions than drugs developed 
subsequently. Factors that influence the propensity for 
a drug to participate in pharmacokinetic interactions 
include which enzymes catalyze its metabolism, which 
enzymes it induces, and which other drugs are shared 
as substrates by the enzyme. Drugs that are substrates 
for the same cytochrome P450 isozyme tend to interact, 
usually inhibiting each other’s elimination. The effects 
of various antiepileptics on hepatic drug-metabolizing 
capacity are summarized in Table 37-2.

Drugs that depend on hepatic biotransformation for 
elimination are prone to pharmacokinetic interactions. 
Among those drugs that are likely to participate in phar-
macokinetic interactions, phenytoin is arguably the most 
sensitive, because the phenytoin-eliminating enzymes are 
partially saturated at usual doses and concentrations.

In the past two decades, knowledge about the 
hepatic cytochrome P450 complex expanded consider-
ably. The components of the P450 system that are most 
relevant to the metabolism of antiepileptic drugs are 
CYP2C9, CYP2C19, and CYP3A4. Information about 
these enzymes and their substrates are summarized in 
Table 37-3 (20–23). Potent inducers of hepatic drug 
metabolism increase the activity of these three enzymes 
plus the activities of epoxide hydrolase and uridine 
diphosphate glucuronosyl transferase. Uridine diphos-
phate glucuronosyl transferase catalyzes the formation 
of glucuronide conjugates and plays a major role in the 
elimination of lamotrigine, oxcarbazepine, and valproate 
and a minor role for phenobarbital (19).

Valproic acid has a distinctive pattern of elimina-
tion. It is metabolized via beta oxidation like a fatty acid, 
and it is conjugated with glucuronic acid to facilitate 
urinary excretion. Underdevelopment of the glucuronida-
tion pathway is the major reason that infants and young 
children eliminate valproate slowly.

Note that valproate and felbamate are inhibitors of 
hepatic drug metabolism. This has important implications 

for pediatric polytherapy of epilepsy. The addition of 
valproate substantially increases lamotrigine and phe-
nobarbital concentrations. Furthermore, in children val-
proate approximately doubles the t1/2 of tiagabine, with 
the average t1/2 increasing from 3.2 to 5.7 hours (24). 
Likewise, add-on felbamate increases the concentrations 
of phenobarbital, phenytoin, and valproate. When either 
valproate or felbamate is added to phenobarbital, phe-
nytoin, or valproate, the doses of the preexistent drug 
should be reduced (25).

Nonlinear Kinetics

Although the pharmacokinetics of most AEDs are linear 
or first order, notable exceptions exist. When the mecha-
nisms that result in drug elimination have linear kinetics, 
a constant fraction of the drug is absorbed, transported, 
and eliminated per unit of time. The elimination mecha-
nisms for phenytoin, however, have a low capacity relative 
to the phenytoin concentrations that are usually present, 
so these mechanisms are partially saturated (26, 27). This 
partial saturation results in nonlinear elimination kinetics 
and causes the relationship between the phenytoin dose 
and concentration to be intuitively unpredictable. (Fig-
ure 37-4). Other antiepileptic drug pharmacokinetics that 
are nonlinear include gabapentin absorption and valpro-
ate binding. Gabapentin transport into the brain is likely 
to be saturable as well. Nonlinear kinetic patterns are 
also designated as saturable, concentration-dependent, 
or dose-dependent.

When drugs are eliminated by processes with non-
linear kinetics, the fractional rate of drug disposition 
varies with the dose or drug concentration. As drug 
concentrations increase, the elimination mechanism 
becomes progressively saturated. This prolongs the half-
life that is measured because a smaller percentage of the 
drug is eliminated per unit of time as the concentration 
increases. In this situation, the half-life that is observed 
should be designated as t50% to differentiate it from the 
usual t1/2.

When drug elimination has nonlinear kinetics, 
the apparent half-life (t50%) changes with the dose or 
concentration. The apparent half-life is directly propor-
tional to the initial concentration that is present when 

TABLE 37-2
Effects of Antiepileptic Drugs on Hepatic Drug-Metabolizing Enzyme Systems

POTENT INDUCERS FEEBLE OR NO EFFECT  GENERAL INHIBITOR

Carbamazepine, phenobarbital,  Ethosuximide, gabapentin, lamotrigine, levetiracetam, Felbamate, valproate
 phenytoin, primidone  pregabalin, oxcarbazepine, tiagabine, topiramate, 
  vigabatrin, zonisamide
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the half-life is measured (28). Thus, increasing doses 
leads to disproportionate increases in drug concentra-
tions. When drug doses are reduced, the opposite occurs; 
small reductions in dose can cause precipitous declines 
in drug concentration. Finally, the amount of drug in the 
body and the concentration of the drug in blood progres-
sively increase if the dosing rate exceeds the capacity for 
drug elimination.

t50% 	
0.5Ci

Vmax
�

KM(ln 2)

Vmax

 (5)

The Michaelis-Menten equations that describe the 
kinetics of enzyme reactions can be applied to describe 
nonlinear drug elimination (6). The way this is done is to 
measure drug levels at two or more steady states and then 
solve for the nonlinear kinetic parameters: the maximal 
reaction velocity (Vmax) and the drug concentration (KM)

TABLE 37-3
The Three Major Components of Cytochrome P450 Drug-Metabolizing 

Enzymes That Participate in the Elimination of AEDs, with Their 
Substrates

CYP2C9 CYP2C19 CYP3A4

MAJOR AED SUBSTRATES

Phenytoin (major) Phenytoin (minor) Carbamazepine
Phenobarbital  Benzodiazepines (several)
  Ethosuximide
  Tiagabine
  Zonisamide

OTHER SUBSTRATES

Azapropazone Cimetidine  Inhibited by
Cotrimoxazole Diazepam Cyclosporine A
Disulfiram Felbamate Fluvoxamine
Metronidazole Fluoxetine Fluoxetine
Phenylbutazone Imipramine Grapefruit juice
Propoxyphene  Omeprazole  Ketoconazole
Stiripental Inhibited by Macrolide antibiotics 
   (erythromycin and 
   triolean domycin)
Sulfaphenazole Felbamate Miconazole
Inhibited by Fluvoxamine  Nefazadone
Amiodarone  Omeprazole Sertraline
Fluconazaole  Topiramate 
Fluoxetine
Fluvoxamine
Miconazole
Valproic acid  

These relationships provide the basis for numerous pharmacokinetic interactions (20–23). 
Shared substrates that produce inhibition of drug metabolism consistently are noted. Other shared 
substrates that have only mild or inconsistent inhibitory effects are listed as other substrates.
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FIGURE 37-4

Dose versus concentration curves for drugs with linear (A) 
versus nonlinear (B) elimination kinetics.
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at which the reaction rate is one-half of the maximal 
elimination velocity. The critical assumption that under-
lies these calculations is that at steady state the rate of 
drug dosing equals the rate of drug elimination. Hence, 
at steady state the dosing rate equals the reaction velocity. 
Similarly, the drug concentration is analogous to a sub-
strate concentration. In order to calculate the nonlinear 
kinetic parameters Vmax and KM, it is necessary to know 
two or more pairs of doses and concentrations. Several 
methods have been described for calculating Vmax and KM
(29). These are discussed further in Chapter 49.

V 	
Vmax � C

KM � C
 (6)

For drugs with nonlinear kinetics, varying the 
absorption rate changes the apparent bioavailability. 
Martis and Levy described the effects of bioavailability 
(F), absorption rate (ka), KM, and Vmax on the rate of 
phenytoin concentration change (30).

dC

dt
	 KaFC0 exp(�kat) � K1C �

VmaxC

KM � C
 (7)

In this equation ka is the first-order absorption rate; C0
is the drug concentration at zero time; C is the concen-
tration at any time t; F is the bioavailability or fraction 
of the drug that is ultimately absorbed; and K1 is the 
overall apparent first-order rate constant.

Equation 7 has been used to evaluate the relation-
ship between absorption rate and apparent bioavailability 
(31). Based on computer simulations using average values 
of KM and Vmax, the apparent bioavailability declines by 
25% as the half time for absorption increases from 0 
(intravenous administration) to 1.2 hours.

Drug Protein Binding

Ordinarily, only total (bound plus unbound) AED 
levels are measured. However, it is the unbound drug 
concentration in plasma that is in equilibrium with the 
unbound drug concentration in the brain. The unbound 
level correlates better with drug action than does the 
total level (32, 33). Nevertheless, measuring the total 
drug concentration in plasma usually works well because 
total concentrations correlate highly with the unbound 
concentrations in most patients.

Various AEDs differ in the extent to which they 
are bound to serum constituents (34–37) (Table 37-4). 
The binding of ethosuximide, phenobarbital, and primi-
done is so low as to be clinically irrelevant. However, 
the binding of carbamazepine, phenytoin, and valproate 
is sufficiently high that significant changes in unbound 
drug levels occur when binding is altered (34). Conditions 
that cause hypoalbuminemia, such as renal disease and 

hepatic disease and certain drug interactions with acidic 
compounds such as fatty acids, aspirin, and valproate 
increase the unbound drug concentrations of phenytoin 
and carbamazepine. Newborns also have reduced drug 
protein binding because of hypoalbuminemia (35). When 
drug protein binding is disturbed, therapeutic ranges 
based on total levels of phenytoin and of carbamazepine 
no longer apply.

High concentrations of valproate exceed the bind-
ing capacity of plasma constituents, resulting in a non-
linear relationship between the total valproate level and 
the unbound valproate level (38). When total valproate 
levels are high, the unbound valproate level increases 
disproportionately.

MULTIDRUG RESISTANCE

In recent years the possibility has been considered 
that multidrug resistance factors might play a role in 
patients’ responses to AEDs, especially among patients 
whose seizures are refractory to AEDs (39, 40). Mul-
tidrug resistance factors were first identified in can-
cer and consist of molecules that transport drugs out 
of target tissues using energy-dependent processes. 
By promoting local efflux of drug, they can reduce 
the drug concentration at target sites of drug action. 

TABLE 37-4
Binding of Antiepileptic Drugs to Serum Proteins

DRUG PERCENT UNBOUND

Carbamazepine 27–40
Clonazepam 15
Diazepam 2
Ethosuximide 90–100
Felbamate 78–64
Gabapentin 100
Lamotrigine 35–45
Levetiracetam 100
Oxcarbazepine 60
Phenobarbital 50–55
Phenytoin 7–15
Pregabalin 100
Primidone 70–100
Tiagabine 4
Topiramate 83–91
Valproic acid (high) 10–30
Valproic acid (low) 8–10
Vigabatrin 100
Zonisamide 50–60

From (27, 36, 37).
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Molecules that mediate multidrug resistance include P-
glycoprotein (P-gp) and multidrug resistance–associated 
protein (MDR). Most AEDs are substrates for P-gp
(41, 42).

Drug resistance factors have been investigated in 
several animal models of epilepsy (43–46). Experimen-
tally induced seizures and brain malformations, but not 
AEDs (47), induce multidrug resistance factors in animals 
(48, 49). Drug resistance factors have also been identi-
fied in human epileptogenic tissue that has been removed 
surgically, including temporal lobe tissue, cortical dys-
plasias, and tubers from patients with tuberous sclerosis 
(9, 50, 51). Multidrug resistance proteins are localized 
to endothelial cells in brain capillaries and associated 
astroglia. Whereas in animals multidrug resistance pro-
teins have been shown to reduce the concentrations of 
AEDs locally, microdialysis of extracellular fluid obtained 
intraoperatively during epilepsy surgery has shown mixed 
results (52).

Since multidrug resistance factors are localized to 
abnormal tissues, they appear to have little or no effect 
on systemic pharmacokinetics of a drug in the body, 
such as the volume of distribution, clearance, or half-
life. Rather, they may affect the local distribution of the 
drug within the target epileptogenic areas. If a role in 
refractory human epilepsy is confirmed for multidrug 
resistance factors, drugs to inhibit their effects are likely 
to become topics of great interest.

The expression of multidrug resistance factors is 
under genetic control. Studies of gene markers linked to 
polymorphisms of multidrug resistance among patients 
with refractory epilepsy have generated conflicting 
results, with some investigators finding genetic mark-
ers and others not (8, 53). However, these studies are 
in the early stages, and they are methodologically com-
plex. Thus, conflicting results at this point do not negate 
the possibility that genetic influences are important in 
selected patient populations and might someday help 
refine treatment (54).

ADJUSTING DOSES AND THE APPLICATION 
OF DRUG LEVEL MEASUREMENTS

The practical worth of any drug is specified by its 
therapeutic index. The therapeutic index is defined 
as the dose that produces toxicity divided by the dose 
that produces the desired therapeutic effect. Most 
AEDs have a narrow therapeutic index compared to 
antibiotic drugs such as penicillin. Furthermore, there 
is great variability in the therapeutic index of AEDs 
among individual patients because different types 
of seizures have variable susceptibility to drugs and 
because patients vary in their sensitivity to dose-related 
neurotoxicity.

GENERIC AED FORMULATIONS

Generic substitution of AEDs has the potential to reduce 
the cost of antiepileptic therapy. Generic formulations are 
produced by several manufacturers and are distributed 
by more numerous intermediate suppliers. These factors 
facilitate low cost through open market competition, but 
they make it difficult to track down the origin of a specific 
generic formulation.

Despite the need for low-cost antiepileptic therapy, 
the overriding goal of treating epilepsy with AEDs is to 
administer enough drug to prevent seizures while main-
taining drug levels below those that cause dose-related 
neurotoxicity in the individual patient. In practical terms, 
fluctuations in AED levels between doses need to be 
minimized.

As discussed previously, the magnitude of expected 
fluctuation in levels between doses depends on two fac-
tors: first, the drug’s elimination rate or half-life, and 
second, the absorption rate. Because generic AEDs tend 
to have faster absorption rates than brand-name prod-
ucts, generic substitution sometimes increases the fluc-
tuations in levels between doses, increasing the risk of 
both subtherapeutic and toxic levels (Figure 37-5). For 
certain drugs such as phenobarbital, which has a very 
long half-life, this is a trivial issue and generic substitu-
tion is indicated.

The problems that result from switching among 
formulations with different absorption rates are most 
severe for phenytoin, because it has nonlinear kinetics. 
Different phenytoin formulations with different absorp-
tion rates have different apparent bioavailabilities. When 
a formulation is absorbed rapidly, it produces a higher 
peak concentration, which in turn causes the apparent 
half-life to be prolonged. As a result, steady-state concen-
trations can change significantly when phenytoin formu-
lations are switched. For this reason, generic substitution 
of phenytoin should be prohibited.
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FIGURE 37-5

Effect of rapid versus slow absorption rate on fluctuations 
in drug levels between doses. Reproduced with permission 
from (34).
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For carbamazepine, which has an intermediate to 
short half-life (18 hours or less, depending on the patient), 
the issue of generic substitution is complex. Changing the 
formulation can modify the extent of fluctuation between 
doses but does not alter the average concentration at 
steady state unless there is also a problem with tablet 
dissolution and bioavailability. For some patients who 
require only low carbamazepine levels to hold seizures 
in abeyance, generic substitution works well. For others 
who have a narrow therapeutic index for carbamazepine, 
generic substitution is highly problematic. These types 
of patients are at risk to experience both toxicity and 
recurrent seizures if they are switched to a formulation 
that is more rapidly absorbed. Thus the patient and the 
treating physician should be consulted when generic car-
bamazepine substitution is contemplated.

EFFECT OF AGE ON AED 
PHARMACOKINETICS

Age and prior drug exposure affect the child’s capac-
ity for drug elimination (55–59). For the purposes of 
categorizing the affects of age on drug elimination, the 
following groups have been used: newborns (birth to 
6 weeks), infants (6 weeks to 12 months), children (1 year 
to 11 years), adolescents (11 years to 15 years), adults 
(� 15 years). These age groupings are somewhat arbi-
trary, because the pharmacokinetic changes that occur are 
gradual and because of individual variation in growth and 
maturation. Adolescence is heralded in individual patients 
by the transition from Tanner stage 1 to stage 2. For each 
age group, the children who have prior drug exposure 
need to be considered separately from those who lack 
prior drug treatment.

Newborns exposed to drugs in utero usually elimi-
nate antiepileptic drugs at rates that are comparable to 
those in adults (27). The older AEDs that induce drug-
metabolizing pathways in adults also do so prenatally 
and postnatally. Drugs, such as valproate, that inhibit 
hepatic drug elimination do so dramatically in newborns 
and young children. Valproate has extremely long half-lives 
in newborns and infants who have not been exposed to 
other inducing agents. Furthermore, most newborns who 
have seizures do not have prior, intrauterine drug exposure. 
Consequently, they tend to eliminate AEDs far more slowly 
than any other age group. Furthermore, the most common 
cause of neonatal seizures—perinatal asphyxia—may be 
associated with abnormal hepatic and renal function, which 
also retard drug elimination. Although the neonatal phar-
macokinetic effects of intrauterine exposure to drugs that 
have become available in the 1990s, such as oxcarbaze-
pine, lamotrigine, gabapentin and topiramate, have not been 
quantified, they are unlikely to have much impact because 
they do not induce hepatic drug metabolism.

The postnatal maturation of renal function and 
hepatic systems for drug conjugation are well recognized. 
Renal function increases rapidly in the first day after 
birth and reaches nearly adult capacity by age 3 weeks. 
Immature hepatic phase II conjugation of nonpolar com-
pounds to water-soluble glucuronides is one reason for 
slow elimination of antiepileptics, especially valproate, 
by newborns and infants (60). The maturation of hepatic 
phase I biotransformation of drugs via the cytochrome 
P450 system of enzymes varies according to the particular 
enzymatic pathway.

Different components of the cytochrome P450 
system mature at different times during gestation and 
postnatally (19). The capacity to carry out aromatic 
oxidations (the principal metabolic pathway for phe-
nytoin and phenobarbital) develops early in gestation. 
No significant differences have been found between 
premature and full-term newborns in the development 
of aromatic oxidations. Postnatally this pathway is 
induced extensively and has very high capacity by the 
end of the neonatal period. In fact, infants who have 
been treated for neonatal seizures have the greatest 
relative capacity to oxidize these drugs. However, 
N-dealkylation is more variable (61). Premature new-
borns have less capacity than full-term newborns to 
metabolize drugs such as diazepam and methylxanthines 
via this pathway. Both of these pathways—aromatic 
oxidations and N-dealkylation—are induced by intra-
uterine drug exposure to drugs such as phenobarbital 
and phenytoin but not by exposure to valproate. In the 
absence of prior drug treatment, the newborn’s relative 
capacity for N-dealkylation is approximately 20% of 
adult values at birth and gradually increases to adult 
capacity by age 2 years (62).

The pharmacokinetics of AEDs change during the 
neonatal period. After loading doses have been given and 
maintenance drug therapy is under way, several factors act 
simultaneously to reduce drug concentrations during the 
neonatal period. These include accelerating drug elimina-
tion, changing routes of drug administration, and recovery 
from hepatic, renal, or gastrointestinal dysfunction caused 
by systemic disease. Newborns with seizures experience 
dramatic increases in the clearance of most of the anti-
epileptic drugs during the neonatal period (27). Increases 
by factors of 2 to 4 are common for phenobarbital and 
phenytoin, causing drug levels to decline by 50% to 75% 
if constant doses are given. The effects of perinatal disease 
on drug dose requirements are subtle but can be identi-
fied in groups of newborns. For example, newborns with 
perinatal asphyxia have lower relative clearance for pheno-
barbital than newborns with seizures due to other causes. 
The relative clearance of phenobarbital of 4.1 mL/kg/h 
by asphyxiated newborns is approximately 50% lower 
than the average phenobarbital clearance of 8.7 mL/kg/h 
by nonasphyxiated newborns (63). This predicts that, at 
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equivalent doses, the levels in asphyxiated newborns will 
be twice as high.

Switching from intravenous to oral drug adminis-
tration leads to slower drug absorption, reducing and 
delaying peak concentrations. In the case of phenytoin, 
slowed absorption causes a reduction in the apparent 
bioavailability of 20% to 30% (31).

As drug clearance increases during the neonatal 
period, it is necessary to increase the dose to sustain 
uniform drug concentrations. However, most neonatal 
seizures are symptomatic of disorders that are abating 
during the neonatal period. Therefore, declining drug 
levels create fewer problems than might be expected 
because the intensity of the epileptic process tends to 
abate concurrently.

After the neonatal period, there are two major differ-
ences in the pharmacokinetics of AEDs between children 
and adults: children have higher relative clearance, and 
children have greater within-group variability in elimina-
tion kinetics (27, 55, 64, 65). The effect of age on relative 
clearance is similar for most of the AEDs. Infants have 
the highest relative clearances, which are 3- to 4-fold 
greater than adult values. With advancing age the relative 
clearance declines until adult values are reached in late 
childhood or adolescence (66, 67) (Figure 37-6). Among 
specific age groups the standard deviation of the average 
clearance is relatively greater in younger patients. For 
example, the coefficient of variation (the standard devia-
tion divided by the mean times 100%) for relative clear-
ance of phenytoin is more than 50% for children who are 
less than 5 years old (66). For this reason the relationships 
between drug doses and levels are more unpredictable in 
children than in adults. Often, considerable trial and error 
are required to adjust children’s drug levels.

Drug levels are surprisingly stable during the middle 
and later years of childhood, because increases in body 

mass are offset by declining relative drug clearance. This 
means that children do not outgrow their drug doses fre-
quently. Although the adolescent growth spurt does occa-
sionally necessitate dosage adjustments, dramatic changes 
in relative drug clearance are scarce during adolescence. 
Noncompliance is far more common and causes drug 
levels to vary erratically.

The factors that underlie the age-related changes 
in drug clearance of all of the AEDs correlate with the 
changes that occur in relative hepatic mass, relative caloric 
requirements, and surface area relative to body mass dur-
ing growth to adult size. Children, as compared to adults, 
have larger surface area relative to body mass, and they 
are hypermetabolic in order to maintain constant body 
temperature. With growth and increasing body mass, 
the surface area relative to body mass decreases, reduc-
ing the relative area that is available for radiant heat 
loss. Concomitantly, the relative hepatic mass and rela-
tive production of heat both decline (68) (Figure 37-7). 
Since most antiepileptic drugs are eliminated by hepatic 
biotransformation, the declining relative hepatic mass 
coincides with the decline in drug clearance that occurs 
with growth. Thus the age-related pattern of declin-
ing relative drug clearance seems to be a byproduct of 
growth in warm-blooded homotherms and results from 
size-related differences in metabolic rate.

AEDS IN BREAST MILK

Maternal treatment with antiepileptics is not a contrain-
dication to breastfeeding (69–71). However, the issue of 
maternal drug administration and breastfeeding is some-
what controversial because of conflicting opinions and 
recommendations in the literature. Data regarding trans-
placental partition ratios and breast milk to maternal 
serum concentration have been reviewed at length (71). 

100

80

60

40

20

0
0 2 6 10 14 18 22 26 30

Age (years)

R
el

at
iv

e 
cl

ea
ra

nc
e

(m
l/k

g
•h

r.
)

FIGURE 37-6

Effect of age on relative clearance of phenytoin. The vertical 
bars indicate one standard deviation. Drawn from data reported 
by Guelen (66). Reproduced with permission from (67).
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Newborns who were exposed chronically to inducing 
drugs in utero are born with induced drug elimination 
and may also be tolerant to sedative drug actions. If ques-
tions arise about the contribution of the antiepileptic drug 
to a specific symptom in the infant, measuring drug levels 
in the infant may provide some insight (72).

The amounts of phenytoin, carbamazepine, lamotrig-
ine, vigabatrin, and valproate that are acquired via nurs-
ing are generally insignificant (37, 72–78) (Table 37-5). 
Although isolated case reports describe both neonatal 

sedation and withdrawal symptoms after prenatal intra-
uterine and postnatal breast milk–acquired barbiturate 
exposures, maternal barbiturate therapy is not an absolute 
contraindication to nursing. Highly lipid-soluble drugs 
such as diazepam readily penetrate breast milk and theo-
retically could lead the newborn to accumulate sedating 
levels, but this rarely occurs. Although the concentration 
of ethosuximide in breast milk is approximately 90% 
of the maternal levels, the significance of ingesting this 
amount is unknown (74, 79).

TABLE 37-5
Pharmacokinetics of Antiepileptic Drugs Acquired from Maternal Sources

 HALF-LIFE OF TRANSPLACENTAL PERCENT OF SERUM LEVEL IN

 AEDS IN NEWBORN BREAST MILK

DRUG HOURS S.D. AVERAGE S.D.

Carbamazepine 6–44  41 17
Ethosuximide 41  94 6
Gabapentin   70 10
Lamotrigine   40–80 
Phenobarbital 41–628  41 15
Phenylethylmalonamide 35 6 76 15
Phenytoin 7–69  19 16
Primidone 8–83  72 15
Valproic acid 47 15 27 15

From (27, 75).
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Dosage Form 
Considerations in 
the Treatment of 
Pediatric Epilepsy

he successful treatment of pediatric 
epilepsy requires an accurate diag-
nosis and seizure classification, indi-
vidualization of antiepileptic drug 

(AED) dose, and patient adherence. Because pediatric 
patients may have difficulty swallowing large, solid dos-
age forms, the successful treatment of pediatric epilepsy 
is complicated by the necessity of having a dosage form 
that can be administered to all pediatric patients, includ-
ing infants and small children. Because Phase III efficacy 
trials are usually done in adults, dosage forms conve-
nient for pediatric patients are usually not developed until 
the compound has been proven efficacious. There has 
been an increase in the number of AEDs that have dos-
age forms convenient for use in pediatric patients. Also, 
because of the nonadherence associated with multiple 
daily dosing, the pharmaceutical industry has developed 
extended-release formulations that can be given once or 
twice a day. This technology has also been applied to 
AEDs. These dosage forms offer the ability to individual-
ize drug administration; however, ignoring the differences 
among dosage forms can result in a failure of the patient 
to receive full therapeutic benefit of the medication.

William R. Garnett
James C. Cloyd

THEORETICAL ASPECTS IN ANTIEPILEPTIC 
DOSAGE FORM SELECTION

Intravenous Formulations

When an AED is administered intravenously, high 
blood drug concentrations may be reached very quickly, 
allowing the drug to distribute rapidly throughout the 
body (1, 2). Only drugs that are water soluble or that 
are soluble in a solvent that has little or no pharma-
cologic activity can be formulated for an intravenous 
(IV) dosage form. In some cases (e.g., phenytoin), the 
solvent may contribute to the toxicity that results 
from excessively rapid infusion (3). Intravenous dos-
age forms usually are more expensive than oral for-
mulations. The IV administration of AEDs requires 
the presence of trained medical personnel and special-
ized equipment, such as infusion pumps and monitor-
ing equipment, which also add to the cost of therapy. 
Therefore, IV drug administration is indicated only 
when rapid attainment of blood levels is needed, as 
in status epilepticus or when the patient is unable or 
unwilling to take medications by mouth.

T

38
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Oral Formulations

Following oral administration, capsules or tablets first 
must disintegrate, liberating the drug, which then must 
dissolve in an un-ionized state into intraintestinal fluids 
before being absorbed (Figure 38-1). While immediate-
release drugs are designed to be liberated in the stomach, 
other drugs, such as Depakote®, are formulated to delay 
drug liberation until the drug reaches the small intestine. 
Other medications, such as Tegretol-XR®, Carbatrol®,
Depakote-ER, and Phenytek® are liberated throughout 
the gastrointestinal (GI) tract at controlled rates, provid-
ing extended release. The dissolution time (the time to 
dissolve in GI fluids) may be altered by the surface area 
of the particles. The smaller the particle size, the faster the 
rate of dissolution. Liquid dosage forms, such as solution 
(in which the drug is already dissolved) and suspension 
(in which the drug is suspended as very small particles), 
generally display more rapid absorption than solid dos-
age forms. The rate of absorption for oral formulations 
usually conforms to the following order: solutions �
suspensions � capsules � tablets.

Immediate-release oral solids are designed to dis-
perse all of the medication quickly after ingestion. This 
usually is followed by rapid absorption. If the drug has a 
short half-life, multiple daily doses are required to prevent 
peak concentrations, which may result in side effects, 
and trough concentrations, which may be associated with 
seizures. Multiple daily doses may result in poor compli-
ance. There is a trend in pharmaceutical development to 
develop dosage forms that release drug slowly over time 
rather than all at once.

Dosage forms that are designed to release their drug 
content slowly have been referred to as controlled-release, 
prolonged-release, time-release, slow-release, sustained-
release, prolonged-action, or extended-action. Although 
there is some interchange in these terms, there are 

technical differences. A controlled-release dosage form 
is a system in which the rate of release is regulated and is 
supposed to be constant during GI transit. A sustained-
release dosage form releases its contents over an extended 
period of time. Sustained-release dosage forms provide 
for the immediate release of an amount of drug that is 
immediately absorbed and then gradual and continual 
release of additional drug over the dosing interval. The 
advantages of controlled-release and sustained-release 
dosage formulations are (1) reduction in blood drug 
level fluctuations, (2) enhanced patient convenience and 
adherence, (3) reduction in adverse side effects, and (4) 
reduction in health care costs. Potential disadvantages to 
controlled-release and sustained-release formulations are 
(1) prolonged effects if the patient develops an adverse 
drug reaction or is accidentally intoxicated, (2) the possi-
bility of interactions with the contents of the GI tract, and 
(3) changes in GI motility resulting in “dose dumping,” 
or all of the drug being absorbed at once (4).

Most drugs are weak acids or weak bases and exist 
in solution as an equilibrium between the ionized and the 
un-ionized forms. In these cases, it is the un-ionized form 
in the gut that passively crosses the GI membrane. A con-
tinuous flow of blood to the GI tract ensures movement 
of drug from an area of high concentration in the gut to 
an area of relatively low concentration in the blood. Once 
a drug is dissolved, the rate of absorption is determined 
by the ratio of ionized to un-ionized forms, because it is 
the un-ionized form that can diffuse across membranes. 
Weak acids are absorbed more rapidly at pH 1.0 than at 
pH 8.0, and the converse is true for weak bases, because 
there is more of the un-ionized form present. The for-
mulation of poorly soluble drugs as salts may enhance 
solubility and result in better absorption. Physiologically 
or pharmacologically induced changes in the GI pH may 
affect the disintegration of tablets or capsules, the dissolu-
tion time, and/or the equilibrium between the ionized and 
un-ionized forms, which alters the rate and/or amount of 
drug absorption (4).

Some drugs are absorbed by active transport pro-
cesses. For example, gabapentin is carried across the GI 
membrane via a transport enzyme (5). Absorption may 
became saturated with this type of process. When the 
amount of drug in the GI tract is low relative to the 
number of transport enzyme-binding sites, the extent of 
absorption is high and constant. As the amount of drug 
approaches the capacity limits of the transport enzymes, 
the fraction of the dose that is absorbed per unit of time 
decreases. As a result, increases in dose produce less than 
proportional increases in serum concentration.

Some of the drug may be metabolized as it passes 
across the gut wall. Further metabolism may take place in 
the liver before the drug reaches the systemic circulation. 
This phenomenon is known as first-pass metabolism. 
Systemic bioavailability depends on the amount of drug 

Dosage form

Disintegration

Granules Solution

Deaggregation

Fine particles

FIGURE 38-1

Drug disintegration and absorption. Reproduced from (1) by 
permission.
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absorbed across the gut wall and the degree of first-pass 
metabolism occurring in the GI tract and the liver before 
the drug reaches the systemic circulation. If a drug has 
extensive first-pass metabolism, it may not be suitable 
for oral administration.

The manufacturing process of the dosage form may 
affect absorption. There are no legal requirements for the 
excipients used in solid dosage formulations. Excipients 
may vary from manufacturer to manufacturer and cause 
different absorption rates that in-vitro dissolution tests 
do not detect. A change in the excipients of a phenytoin 
capsule in Australia resulted in greater bioavailability and 
an epidemic of phenytoin toxicity (6, 7). Other aspects 
of manufacturing may differ, such as tablet hardness and 
friability. The particle size of the active ingredient may 
also be different. Thus, there may be different rates and 
amounts of drug absorbed from the same dosage form 
made by different manufacturers. Sometimes there may 
be differences in absorption between lots of the same 
manufacturer.

Oral absorption may be altered by a variety of physi-
ologic and pharmacologic phenomena. For example, food 
decreases the rate but not the extent of absorption of 
valproic acid, which results in a delayed time to peak (8). 
Food enhances the bioavailability of carbamazepine (9). 
Achlorhydria or the coadministration of drugs that 
reduce or neutralize gastric acid may alter disintegration 
and dissolution and affect absorption. Antacids in large 
doses decrease the absorption of phenytoin (10). For 
drugs with significant first-pass metabolism, food may 
alter hepatic blood flow and compete with liver enzymes 
to increase the systemic bioavailability of drugs. Foods 
and drugs may affect gastric emptying time and drug 
absorption.

Absorption usually is greater in the small intestine 
than in the stomach, because the surface area is larger, the 
permeability is higher, and the blood flow is greater. There-
fore, absorption may be altered by changes in gastric 
emptying and GI transit times. Diarrhea may decrease 
the absorption of phenytoin and other slowly absorbed 
drugs because GI transit rate is increased and reduces drug 
contact time at intestinal absorption sites (3).

Age per se may alter absorption. In the newborn 
the intragastric pH and the efficiency of gut enzymes 
change rapidly (11, 12). Because of relative achlorhydria 
in the newborn and infant, there should be an increased 
absorption of acid-labile drugs such as penicillin (13). Age 
effects on pharmacokinetics are discussed in Chapter 37.

Generic Formulations

When the patent of a drug expires, companies other 
than the innovator of the drug may manufacture the 
generic equivalent. The U.S. Food and Drug Adminis-
tration (FDA) is concerned about generic equivalency, 

and generic manufacturers must compare their product 
with that of the innovator. Bioequivalence tests are deter-
mined in vivo to prove that there is no difference in the 
two products. This usually is done by administering a 
single equal dose of the brand-name formulation and 
the generic drug to a population of between 24 and 36 
normal healthy adults in a randomized, double-blind, 
crossover design. Multiple blood samples are collected to 
determine the amount of drug absorbed, as assessed by 
the total area under the concentration-time curve (AUC) 
and the rate of drug absorption as determined by the 
peak concentration (Cmax), and the time to maximum 
concentration (Tmax). The means of these parameters are 
determined, and a ratio of the log-transformed data is 
determined. Bioequivalence is accepted when the 90% 
confidence intervals of the ratios of AUC, Cmax, and Tmax
fall between 0.8 and 1.25 of those of the branded drug. 
A popular misconception is that total absorption may 
vary between 80% and 125%. In fact, a difference in bio-
availability between innovator and generic that is greater 
than 6% would result in confidence intervals that fall 
below 0.8 or above 1.25. Unfortunately, generics are only 
compared to the innovator and never to each other for 
regulatory approval. The lot-to-lot consistency of brand 
and generic drugs are regulated by in-vitro dissolution 
rate testing (14).

The FDA Center for Drug Evaluation and Research 
publishes annually a listing of approved drug products. 
The official title of this publication is Approved Drug 
Products with Therapeutic Equivalence Evaluations, but 
it is commonly known as the Orange Book. The FDA has 
an A rating and B code for generic drugs. An A coded 
drug is one that is considered to be therapeutically equiva-
lent to other pharmaceutically equivalent products. For 
example, a drug with an AB rating would be considered 
to be products meeting bioequivalence reqirements. This 
applys to all oral generic AEDs. An AA rating applies to 
conventional dosage forms not presenting bioequivalence 
problems. This would apply to IV dosage forms such as 
those for valproic acid. A B code applies to drug prod-
ucts that the FDA does not consider to be therapeutically 
equivalent to other pharmaceutically equivalent products 
(15). There are no AEDs with a B code.

Since generic drugs often are less expensive, they 
may offer an advantage for many patients. The AMA has 
recognized the equivalency of generic drugs (15). When 
generic drugs are prescribed, it would be ideal for the 
patient to remain on the formulation from one supplier. 
The American Academy of Neurology (AAN) has cau-
tioned against switching suppliers for carbamazepine and 
phenytoin (16). However, practically this may be difficult 
to accomplish. Clinicians should know when the source 
of an AED is being changed. The AAN has recommended 
that generic switching of AEDs not be done without the 
consent of the prescriber (17).



IV • GENERAL PRINCIPLES OF THERAPY518

Intramuscular Formulations

Absorption of drugs from muscle and subcutaneous tissue 
is dependent on solubility, ionization, and tissue perfu-
sion. Increases in tissue blood flow increase absorption. 
Physical activity that changes blood flow rates alters the 
rate of drug absorption from intramuscular (IM) injec-
tions. The location of the injection site also influences the 
rate of absorption. A standard part of nursing care is to 
rotate the sites of injection to prevent damage to a par-
ticular area. Because different muscle tissues have varying 
perfusion rates, the rotation of injection sites may result 
in varying rates of absorption. Injections into muscle tis-
sue have different rates of absorption than injections into 
fatty tissue. In contrast, the extent of absorption is 100% 
unless drug is degraded in the tissue. The injection of IM 
drugs always causes some degree of discomfort, may be 
irritating to the tissue, and in some cases may result in 
muscle damage. IM injections require skilled personnel, 
which limits their use. Therefore, IM injections should 
be limited to short-term situations.

ALTERNATE ROUTES OF ADMINISTRATION: 
BUCCAL/SUBLINGUAL, NASAL, AND RECTAL

General Considerations

Occasionally methods of drug administration other than 
oral and parenteral routes are needed to treat patients. 
Circumstances such as out-of-hospital therapy of seizure 
emergencies, or bridge therapy when taking medications 
by mouth is not possible, require alternate routes of 
administration. The choice of therapy depends on the 
drug’s physical, chemical, and pharmacokinetic charac-
teristics, the route of administration, and the indication. 
These characteristics vary substantially among AEDs. For 
a given drug, factors such as water and lipid solubility, 
formulation characteristics, the relative size of the absorp-
tive surface area, and retention time at the absorption site 
will dictate the onset and intensity of effect. Highly lipid-
soluble compounds administered as solutions exhibit the 
most rapid and consistent absorption. Conversely, poorly 
water-soluble AEDs administered as suspensions or solid 
dosage forms may exhibit slow absorption that may per-
mit extended dosing intervals if drug can be retained at 
the site of administration (18).

Buccal/Sublingual Administration

Buccal administration is defined as placement of a drug 
formulation in the buccal pouch of the oral cavity. The 
buccal mucosa is rich in blood supply, leading to rapid, 
systemic drug absorption. The pH of the buccal cavity 
is approximately 6.5 and the cavity has a surface area 

of 200 cm2, which is similar to the areas of the rectal 
and nasal cavities. Sublingual administration refers to 
placement of drug, usually as a solid formulation, under 
the tongue, with absorption occurring at the mucosal 
epithelium. The absorptive surface area is smaller than 
that of the buccal cavity, and the drug product can be 
easily displaced unless disintegration and dissolution are 
rapid (i.e., within seconds) (18).

Compared with other routes of administration, 
the practical advantages of buccal administration are 
obvious: It is much simpler and safer than intravenous 
or intramuscular injections; it is less embarrassing and 
inconvenient for patients and caregiviers than intra-
rectal administration; and it may permit use of larger 
volumes than would be possible via intranasal admin-
istration (18).

Buccal administration, however, has several disad-
vantages. The maximum rate of absorption is obtained 
when the solution can be spread uniformly over the 
buccal pouch and retained in the buccal cavity. This 
may be difficult to accomplish if the patient’s head is 
moving, as might occur during a seizure, which can 
result in the pooling or swallowing of the drug solu-
tion. Moreover, placement of drug in the buccal pouch 
during a seizure may be hazardous for both the patient 
and the caregiver and runs counter to first-aid guide-
lines for seizures. Regarding sublingual administration, 
similar problems exist with placement and retention of 
the formulation under the tongue. When given as solu-
tions, volumes must be small, which often limits the size 
of the dose. These routes are best suited to treatment 
of seizure emergencies (18). Research results on this 
route of administration are discussed in a later section 
in this chapter.

Intranasal Administration

The advantages of intranasal drug delivery include easy 
access; lack of need for patient cooperation; and the 
possibility of rapid and extensive absorption of selected 
drugs, resulting in a rapid onset of effect. Overall, the 
needle-free administration of a drug via the intranasal 
route is simple and convenient. There are several dis-
advantages: Only small volumes (�200 �L per nostril) 
can be administered; the absorptive surface area of the 
nasal cavity (200 cm2) is limited; and the residence 
time in the cavity is only about 15 minutes as fluids 
are drained from the nasal cavity to the throat. The 
choice of therapeutic agent administered intranasally 
therefore must be limited to highly potent, lipid-soluble 
drugs administered as solutions. The limitation in vol-
ume and the short residence time make this route best 
suited for treatment of seizure emergencies (18). Results 
of research on this route of administration are discussed 
in a later section in this chapter.
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Rectal Formulations

The rectum is a useful route of administration, although 
there is little intraluminal fluid and the absorptive sur-
face is only 1/10,000 that of the upper GI tract. The 
disintegration and dissolution problems associated with 
oral dosage formulations also occur with rectal dosage 
formulations (19). Solutions and suppositories are the 
most commonly used rectal dosage forms. Suppositories 
usually are formulated with a quick-melting base such 
as cocoa butter. Adequate retention time in the rectum 
is essential for complete absorption from the rectal dos-
age forms. Highly lipid-soluble compounds are more 
rapidly absorbed than less soluble, ionized drugs. The 
inability to retain the suppository or solution diminishes 
the usefulness of this route of administration. In contrast 
to oral administration, first-pass metabolism is signifi-
cantly reduced with rectal administration—particularly 
when drug is absorbed from the lower two-thirds of the 
rectum, where venous drainage bypasses the liver. Rectal 
administration can be used both for treatment of sei-
zure emergencies and for bridge therapy when a patient 
is unable to take maintenance AED therapy by mouth. 
Rectal administration of particular AEDs is discussed in 
greater detail later in this chapter.

SELECTION OF PARENTERAL AND ORAL 
ANTIEPILEPTIC DOSAGE FORMS IN 

PEDIATRIC PATIENTS

The factors that influence the selection of a particular 
dosage form for a child include the need for rapid attain-
ment of therapeutic blood concentrations, the importance 
of maintaining therapeutic concentrations throughout a 
dosing interval, the ability to swallow, the ability to retain 
a rectal dosage form, the palatability of the oral dosage 
form, and cost.

Ideally, the drug should be available in a parenteral 
form for IV and IM administration as well as in oral solid 
and liquid formulations. The availability of a rectal formu-
lation would allow greater flexibility in dosing. Among the 
AEDs used for maintenance therapy, only phenytoin, phe-
nobarbital, levetiracetum, and valproic acid are available as 
parenteral formulations. Diazepam is now available in a gel 
formulation specifically designed for rectal administration.

For maintenance therapy, oral dosage forms are 
preferable because they are relatively inexpensive and 
easy to administer. Therefore, when the patient is able to 
swallow, the AED should be given orally. If the patient is 
not able to take a tablet or capsule, consideration should 
be given to chewable tablets or liquids. Patients with a 
nasogastric tube may be given liquid AEDs, which negates 
the need for chronic parenteral therapy. Obviously, liquid 
medicines should be palatable or capable of being mixed 

with beverages or enteral feedings without interactions so 
that the patient is able to ingest the medicine. It is pos-
sible to give loading doses of oral medications to attain 
a therapeutic concentrations more quickly. However, this 
is often neither rapid enough nor feasible when dealing 
with an emergency such as status epilepticus.

Phenytoin/Fosphenytoin

Phenytoin is available in parenteral, capsule, chewable 
tablet, and suspension formulations. Phenytoin is poorly 
soluble in water; thus, the parenteral formulation contains 
propylene glycol and ethanol and is buffered to a pH of 
12 to keep the drug in solution. The solvents have inher-
ent pharmacologic activity, including cardiac arrhythmias 
and hypotension. The combination of cosolvent effects 
and the alkaline pH commonly cause pain and inflamma-
tion at the infusion site. Therefore, phenytoin infusions 
are limited to a rate no faster than 1 to 3 mg/kg/ min 
in otherwise healthy children (3). Because of the high 
ionization constant (pKa) of phenytoin, it is not stable in 
every IV solution. Phenytoin may be mixed with normal 
saline in concentration ranges of 2 to 20 mg/mL. Use of 
an in-line 20-micron filter is recommended to reduce the 
risk of infusing small particle precipitants. Admixtures 
should be stored for no longer than 24 hours (20).

Although the parenteral formulation of phenytoin 
may be given by IM injection, this route is not recom-
mended. The high pKa of phenytoin results in crystal-
lization in muscle tissue. This results in slow and erratic 
absorption (21). In addition, IM phenytoin is quite pain-
ful and may cause muscle damage (22).

Fosphenytoin is a phenytoin prodrug formed by the 
addition of a phosphate ester group to the phenytoin 
molecule. The phosphate ester significantly increases the 
water solubility of fosphenytoin. The phosphate ester 
must be cleaved and the compound converted to phe-
nytoin to exert pharmacologic activity. The conversion is 
done by systemic phosphatases that are found throughout 
the body. The conversion of fosphenytoin to phenytoin is 
rapid and complete. The phosphatases are not affected by 
age, gender, race, hepatic impairment, or renal function 
(23). An ex-vivo study using blood obtained from prema-
ture infants and neonates demonstrated that fosphenytoin 
is converted to phenytoin in these populations.

Because fosphenytoin is more water soluble than 
phenytoin, it does not require propylene glycol or ethanol 
to increase solubility. Fosphenytoin is compatible with 
all IV fluids, whereas phenytoin should be admixed only 
with normal saline. Fosphenytoin does not require an in-
line filter as phenytoin does (24). Fosphenytoin may be 
given at a much faster IV infusion rate than phenytoin, 
and the infusion rate does not need to be altered because 
of age or underlying cardiac disease. The maximum rate 
of infusion of fosphenytoin is 150 mg/min compared with 
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50 mg/min for phenytoin. This means that the patient 
can be loaded in less time. Fosphenytoin is rapidly con-
verted to phenytoin after administration, with a conver-
sion half-life of approximately 15 minutes. Fosphenytoin 
is highly protein-bound, as is phenytoin. Therefore, fos-
phenytoin competes with phenytoin for binding sites, 
which increases the “free” or unbound portion of phe-
nytoin. When both drugs are given at the maximum rate 
of administration, fosphenytoin achieves bioequivalency 
with phenytoin in 7 minutes. If the rate of phenytoin 
is slowed, higher concentrations of phenytoin may be 
achieved with the administration of fosphenytoin (25). 
Another advantage of fosphenytoin is that in comparative 
studies it causes less thrombophlebitis and less burning, 
pain, or irritation at the injection site. This results in fewer 
changes in the site of administration (26). The decreased 
venous irritation is a particular advantage in premature 
infants, neonates, and children, in whom venous access 
is a serious problem. The primary side effects of fosphe-
nytoin are pruritus and paresthesias, which are common 
to phosphate esters and disappear with a reduction in the 
infusion rate or when the infusion is completed.

Fosphenytoin can safely be given intramuscularly. 
Peak phenytoin concentrations occur about 3 hours 
following IM fosphenytoin. However, free phenytoin con-
centrations in the accepted target range occur in approxi-
mately 30 minutes after an IM injection of fosphenytoin 
(27). There is no pain or necrosis associated with fos-
phenytoin after IM administration, and the absorption is 
rapid and complete. Loading doses of 20 mg/kg have been 
safely given intramuscularly. In adults, volumes exceeding 
20 mL have been safely given as a single injection (28). 
When given as replacement therapy, fosphenytoin is com-
pletely converted to phenytoin, whereas oral phenytoin 
sodium capsules are 92% phenytoin. Therefore, the trough 
concentrations may increase. If the patient is at the point 
of enzyme saturation for phenytoin metabolism, there may 
be a significant increase in blood concentrations (29).

As noted in Chapter 49, the various formulations of 
phenytoin differ in content of phenytoin (Table 38-1). The 
capsule and parenteral formulations of phenytoin contain 
sodium phenytoin and are only 92% phenytoin. The sus-
pension and chewable tablet formulations of phenytoin 

contain phenytoin acid and are 100% phenytoin. Because 
of the Michaelis-Menten kinetics of phenytoin, these salt 
differences should be considered when switching dosage 
forms. Although it would be anticipated that the rate of 
absorption of the phenytoin suspension would be faster 
than the rate of absorption from the capsule, a single-
dose study in normal volunteers demonstrated that the 
time to peak concentration, Cmax, and AUC time curve 
for phenytoin extended-release capsules were not differ-
ent from these parameters for phenytoin suspension when 
the dose of the suspension was adjusted for the differ-
ence in salt concentration (30). It was postulated that 
the rate of absorption is more dependent on particle size 
than on formulation. There are also differences in the rate 
of absorption among the various manufacturers of phe-
nytoin capsules. The innovator’s formulation (Dilantin®)
provides an extended release. Some of the generic formu-
lations provide faster release. Phenytoin is thus labeled as 
either prompt-release or extended-release capsules. The 
FDA recommends that only the extended-release capsules 
be used for once-a-day dosing (31). The difference in the 
rate and extent of absorption between the prompt-release 
and extended-release capsules may affect how rapidly 
peak concentrations of phenytoin can be obtained. The 
extended-release capsules display a slower rate and extent 
of absorption as the dose is increased. This suggests that 
oral doses need to be larger than IV doses to achieve the 
same concentration (32). However, if prompt-release cap-
sules are used, phenytoin concentrations are achieved more 
rapidly, and the prompt-release capsule has been suggested 
as an alternative in situations where an IV injection is not 
possible or practical (33). The chewable tablet seems to 
have a similar absorption profile to phenytoin extended-
release capsules when adjusted for salt content.

Although the suspension dosage form has been 
considered to have rapid settling properties, a recent 
report measuring settling rates in bottles of phenytoin 
suspension that were well shaken and then left untouched 
revealed that no differences in the concentration could 
be found between the top and bottom of the bottle from 
time 15 minutes to 4 weeks after resuspension. Only 
after 5 weeks after resuspension was there a difference 
between the aliquots taken from the top and the bottom 

TABLE 38-1
Phenytoin Content of Various Products

PRODUCT LISTED COMPOUND PHENYTOIN STRENGTH CONTENT

Phenytoin capsule Phenytoin sodium 100 mg  92 mg 
Phenytoin capsule Phenytoin sodium 30 mg  27.5 mg 
Fosphenytoin parenteral  Fosphenytoin sodium 50 mg PE/mL  46 mg PE/mL 
Phenytoin suspension  Phenytoin 125 mg/5 mL  125 mg/5 mL 
Phenytoin chewable tablet Phenytoin 50 mg  50 mg 
Phenytoin parenteral  Phenytoin sodium 50 mg/mL  46 mg 
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of the bottle (Figure 38-2) (34). In the same study a dose 
(5.0 mL) was measured every day simulating patient use 
by a well-shaken technique (vigorous shaking), a poorly 
shaken technique (inverted once), and an unshaken tech-
nique until the bottle was depleted. Only the unshaken 

technique demonstrated differences in the doses taken
(Figure 38-3). It was concluded that phenytoin suspension 
requires minimal agitation to be uniformly mixed and 
that it has a slow rate of settling. The problems reported 
with phenytoin suspension in the past possibly reflect 
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Long-term concentration vs. time effect of packaged phenytoin suspension. “Bottom” and “Top” indicate that concentrations 
were measured in suspensions taken from the bottom and top of the bottle, respectively. Reproduced from Neurology, February 
1989, by permission.
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Effect of shaking techniques on concentration of dose of phenytoin. Reproduced from Neurology, February 1989, by permission.
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inaccurate measurements by the patient or a failure to 
understand the Michaelis-Menten kinetics of phenytoin. 
This dosage form may be very acceptable for young 
children or for patients with difficulty in swallowing. An 
accurate measuring device should be used for administra-
tion. When changing from oral to nasogastric administra-
tion, levels may decrease substantially (see later discussion 
on nasogastric tubes).

Phenytek™ Capsules contain either 200 mg or 
300 mg of the sodium salt of phenytoin. This formula-
tion employs an erodible-matrix delivery system for the 
extended release of phenytoin. The 200 mg Phenytek™ 
Capsule has two, and the 300 mg Phenytek™ Capsule 
has three, erodible-matrix tablets. After ingestion, the 
capsule shell dissolves to expose the two or three tablets 
inside. As the outer surfaces of the tablets hydrate, a gel 
layer containing phenytoin sodium is formed. The initial 
release of phenytoin sodium from the external layer of the 
tablets occurs at this stage. Water permeates farther into 
the erodible matrix, thickening the gel layer and allow-
ing soluble drug to continue diffusing out of the tablets. 
Once the outer layer of each erodible-matrix tablet is fully 
hydrated, phenytoin sodium is gradually dissolved in the 
gastric fluids. Concurrently,water continues to perme-
ate toward the core of the tablet. This multistep process 
allows solubilized drug to be gradually diffused from 
the gel layer. In addition, erosion of the tablets over time 
allows drug to be released by direct exposure to gastric 
fluids. Phenytoin is released from the tablets in a slow and 
extended rate with peak concentrations expected in 4 to 
12 hours following a single dose. The peak concentra-
tions of prompt-release phenytoin capsules occur within 
1.5 to 3 hours. Phenytek™ Capsules are approved for 
once-a-day dosing. Studies comparing three divided doses 
of 100 mg of phenytoin to a single daily 300-mg dose 
of Phenytek™ Capsules indicated that absorption, peak 
plasma levels, biologic half-life, difference between peak 
and minimum values, and urinary recovery were equiva-
lent. Two studies comparing the pharmacokinetics of one 
300-mg Phenytek™ Capsule to three 100-mg phenytoin 
(Dilantin®) capsules demonstrated that the two doses were 
bioequivalent. In the study comparing the effects of food 
on the bioavailability of phenytoin given as Phenytek™ 
and Dilantin®, the phenytoin AUC and Tpeak were slightly 
lower with Phenytek™. However, the Cpeak and half-life 
with Phenytek™ were slightly greater than with Dilantin®

Kapseals®, and the products were considered bioequiva-
lent. Phenytek™ Capsules should not be opened and the 
contents crushed or taken separately (35).

Carbamazepine

Carbamazepine is available as a chewable tablet, tablet, 
and suspension. A single-dose study in normal volunteers 
demonstrated that the bioavailability of chewable tablets 

is comparable to the bioavailability of swallowed tablets 
(36). The rate of absorption of carbamazepine suspension 
is faster than that of carbamazepine tablets in single-dose 
studies in normal volunteers (37). A multidose bioavail-
ability study in epileptic patients comparing equal total 
daily doses of carbamazepine suspension administered 
three times a day to tablets administered twice a day 
also demonstrated that the suspension is absorbed faster 
than the tablets (Figure 38-4). However, there were no 
differences in the Cmax, the AUC time curve, or the peak-
to-trough fluctuations for either the parent drug or the 
10,11-epoxide metabolite (38) (Table 38-2). If the faster 
absorption rate is not considered in scheduling dosage 
administration times, the suspension will produce higher 
peaks (greater chance of side effects) and lower troughs 
(greater chance of loss of efficacy) than a comparable 
dose using carbamazepine tablets.

There are controlled-release and sustained-release 
dosage forms of carbamazepine. The controlled-release 
formulation is Tegretol-XR®, which utilizes an osmotic 
release delivery system. The formulation is provided in a 
wax matrix with a permeable membrane. This allows water 
from gastric contents to enter the matrix and increase the 
osmotic pressure. This forces the drug out at a constant 
rate. For the 100-mg tablet, 10 mg of drug is released per 
hour for the first 7 or 8 hours and then the rest of the drug 
is released. The casing of the tablet is excreted in the feces. 
Patients should be told that although casings will appear 
in the stool, the drug is being absorbed. Any disruption to 
the tablet results in a loss of the controlled-release design. 
Therefore, this controlled-release formulation must not be 
crushed, chewed, or opened (39). The sustained-release 
formulation is Carbatrol®, which uses three different types 
of beads: immediate-release, extended-release, and enteric-
release. This formulation is a capsule, and it may be opened 
and mixed with food. The ability to use this formulation as 
a “sprinkle” is an advantage in pediatric patients (40).

Both controlled-release and sustained-release dos-
age forms have been compared with immediate-release 
carbamazepine in patients with epilepsy. Patients were 
converted from four-times-a-day dosing with immediate-
release carbamazepine to twice-a-day dosing with both 
formulations in separate studies. In both studies twice-
a-day dosing with controlled-release or sustained-release 
tablets was bioequivalent to the four-times-a-day dosing 
with immediate-release tablets (39, 40). The controlled-
release formulation was compared with the sustained-
release formulation in a randomized crossover study in 
normal volunteers who were dosed for 5 days on each 
formulation. The two dosage formulations were found to 
be bioequivalent, although the sustained-release formula-
tion had larger confidence intervals (41).

The advantage of controlled-release and sustained-
release carbamazepine is that either may be given 
twice a day. This optimizes convenience and promotes 
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adherence. In a pediatric patient who cannot or will not 
swallow oral solids, the sustained-release formulation 
can be opened and mixed with food.

Valproic Acid

Valproic acid is available as a soft gelatin capsule con-
taining a liquid, an enteric-coated tablet, a coated par-
ticle (sprinkle) capsule, a hydrophylic matrix, controlled 
release tablet, a syrup, and an IV solution. The bioavail-

ability of the soft gelatin capsule formulation is compa-
rable to that of the solution. The enteric-coated tablet 
(Depakote) was developed to delay dissolution of the 
drug until after it leaves the stomach, thereby reducing 
the incidence of nausea, vomiting, and other types of GI 
distress. Although the enteric coating does delay and slow 
absorption, it does not result in true sustained release 
of valproic acid. For most drugs the minimum (trough) 
concentration occurs just before the next dose. In con-
trast, the delayed absorption of enteric-coated valproic 

14

13

12

11

10

9

8

7

6

5

4

3

2

1

0
0

CARBTAB CARBSUSP EPOXTAB EPOXSUSP

2 4 6

Time (hrs)

Means for all subjects

C
on

ce
nt

ra
tio

n 
(m

cg
/m

l)

8 10 12

FIGURE 38-4

Twelve-hour concentration vs. time profile of carbamazepine tablets vs. suspension.

TABLE 38-2
Pharmacokinetic Comparison of Carbamazepine Tablets and Suspension

STATISTICAL

PARAMETER TABLET SUSPENSION SIGNIFICANCE POWER CI (%)

AUC 0–724 192.1  196.9 NS  0.73  12.8
Cmax     
Cmax 8.5  9.4  NS  0.97  18.4
Tmax  3.7  1.5  P � 0.05 —  196.0
Cmin  5.3  5.7  NS  �0.99 14.0
Cmax      
Cmin  1.7 1.7 NS 0.92 12.9
ConcSS 8.0 8.2 NS 0.73 12.8
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acid produces trough concentrations 2 to 4 hours after 
the dose when given on an empty stomach (Figure 38-5). 
Coadministration with food extends the time to the trough 
concentration from 2 to 8 hours after administration, and 
peak concentrations may occur just before the next dose 
(42). These changes in normal absorption profiles must 
be considered in evaluating blood concentrations, par-
ticularly if the timing between drug administration and 
meals varies. Recently, a diurnal effect on valproic acid 

absorption from the enteric-coated tablet was also shown 
(43) (Figure 38-6). Valproic acid is absorbed more slowly, 
and the amount of drug absorbed is reduced, at night. 
The enteric-coated dosage form should not be crushed 
before administering.

A coated particle (sprinkle) formulation of valproic 
acid is available. The sprinkle formulation is designed to 
provide slow consistent input, which minimizes peak to 
trough fluctuations (see Figure 38-5) (44). This dosage 
form allows the patient or parent to open the capsule and 
sprinkle the particles over food. It is intended for pediatric 
use and for patients who have difficulty swallowing solid 
dosage forms. This dosage form also is particularly useful 
for patients with large fluctuations between doses who 
require frequent dosing or who may experience distress 
with enteric-coated tablets.

Depakote® is an enteric coated dosage form of dival-
proex sodium. The enteric coating delays the absorption 
of divalproex sodium until after the drug has left the 
stomach. This enteric coating is designed to reduce the GI 
side effects associated with valproic acid. Depakote® is a 
delayed-release formulation; it is not an extended-release
formulation (45). Depakote-ER® is a hydrophilic-matrix 
controlled-release tablet system and is an extended-
release formulation (46). Upon entering the stomach, the 
film coating dissolves, exposing the hydrophilic polymer 
matrix tablet. The outer layer of the matrix becomes par-
tially hydrated, forming a gel layer, and drug begins to be 
released. As fluid enters the tablet, the gel layer increases 
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The effect of formulation on the time course of valproate 
absorption.

FIGURE 38-6

Twenty-four-hour total valproate concentration-time profile following particle and enteric-coated tablets. Reproduced from (43)
by permission.
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in thickness, extending the release of the drug. The matrix 
surface continues to become hydrated, allowing for a 
continued release of drug. Once the outer layer becomes 
fully hydrated, it erodes and is released from the tablet. 
Fluid continues to penetrate toward the tablet core. Thus 
this system of polymer wetting, polymer hydration, drug 
diffusion, and polymer erosion results in the release of 
drug in the stomach, small intestine, and large intestine 
over an 18- to 24-hour period (47, 48). Depakote-ER®

is designed for once a day dosing (46).
The absolute bioavailability of Depakote-ER® admin-

istered as a single dose after a meal was approximately 
80% to 90% relative to an intravenous infusion. In two 
multiple-dose studies, when administered either fasting 
or immediately before smaller meals, Depakote-ER® had 
an average bioavailability of 81%, compared to 89% for 
Depakote®. Maximum valproate plasma concentrations 
(Cmax) in these studies were achieved on average 7 to 14 
hours after the administration of Depakote-ER®. In one 
of these studies, the average Cmax and minimum plasma 
concentration (Cmin) at steady state of Depakote-ER®

given fasting and with smaller meals were 74% and 82%, 
respectively, relative to Depakote® given twice a day with 
smaller meals. In the other study, the average Cmax and 
Cmin at steady state of Depakote-ER® were 81% and 
85%, respectively, relative to Depakote® given fasting. 
After multiple dosing, Depakote-ER® given once daily 
has been shown to produce percent fluctuation (defined
as 100% � (Cmax – Cmin)/average concentration) that is 
10% to 20% lower than that of regular Depakote® given 
twice a day. Depakote-ER® and Depakote® tablets are 
not bioequivalent (46). It has been recommended that, in 
converting a patient from Depakote® to Depakote-ER®,
the total daily dose of Depakote® be increased by 14% to 
20% given as the Depakote-ER® (49, 50).

VALPROATE SODIUM INJECTION 
(DEPACON®)

Valproate sodium is the sodium salt of valproic acid. It is 
supplied as a 5-mL single-dose vial containing 100 mg of val-
proic acid per mL. The initial indication of valproate sodium 
injection was for patients who were not able to take valproic 
acid orally. The initial infusion guidelines were to dilute the 
drug with at least 50 mL of a compatible diluent (dextrose 
5% in water, normal saline, or lactated Ringer’s solution) 
and administer as a 60-minute infusion. It was recommended 
that the drug not be given any faster than 20 mg/min. The 
initial dose was 10 to 15 mg/kg/day (51). In January 2002, 
the FDA approved an infusion rate of 1.5 to 3.0 mg/kg/min. 
Clinical studies have shown that higher loading doses and 
more rapid rates of infusion are well tolerated in pediatric 
patients. In a study done at the Virginia Commonwealth 
University/Medical College of Virginia, 10 patients ranging 

in age from 2.5 to 16.25 years of age received a total of 38 
doses of IV valproate sodium given in doses ranging from 
7.5 mg/kg/dose to 42 mg/kg/dose. The mean dose was 23.4 
mg/kg/dose. The doses were infused at a rate of 1.5 mg/
kg/min to 11 mg/kg/min with a mean rate of infusion of 
6 mg/kg/min. No significant side effects were observed. 
A rapid rate of infusion may be desirable for patients in 
status epilepticus. Because the protein binding of valproic 
acid saturates around 50 µg/mL, a rapid rate of infu-
sion would result in higher initial blood concentrations 
(52, 53).With the saturable binding there would be a higher 
free fraction. With a higher free fraction, there would be 
more free drug to diffuse across the blood-brain barrier 
(53). Rapid intravenous infusions of valproic acid have 
been used to treat status epilepticus and acute migraine 
headaches. Parenteral valproic acid should not be given by 
intramuscular injection.

Phenobarbital and Primidone

Phenobarbital is available in a parenteral form, a tablet, 
and a solution. The parenteral form can be given by rapid 
IV infusion or by IM injection. Absorption from the oral 
formulations seems to be complete and relatively rapid. 
Primidone is available as a tablet and an oral suspension. 
Absorption from both formulations appears complete, 
with peak concentrations occurring 2 to 6 hours after 
the dose (54).

Ethosuximide

Ethosuximide is available as a capsule and a solution. 
Absorption appears to be complete from both formula-
tions. Ethosuximide has a long half-life even in children. 
However, some patients may develop GI side effects with 
once-a-day dosing and require twice-a-day dosing (54).

NEWER ANTIEPILEPTIC DRUGS

Felbamate

Felbamate (Felbatol®) is indicated for treatment of chil-
dren with the Lennox-Gastaut syndrome. It is available 
as a 400-mg tablet, a 600-mg tablets and a 600 mg/5 mL 
suspension. Absorption is rapid and nearly complete fol-
lowing oral administration. The tablets and the suspen-
sion are bioequivalent to the capsules used in clinical 
trials. The pharmacokinetics of the tablet and the suspen-
sion are similar (55).

Gabapentin

Gabapentin (Neurontin®) has been studied in patients 
with epilepsy 3 years of age and older. In addition to 
having an indication of the treatment of refractory partial 
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seizures, gabapentin is also indicated for the treatment 
of postherpetic neuralgia. Gabapentin is supplied as a 
100-mg capsule, a 300-mg capsule, a 400-mg capsule, 
a 600-mg tablet, an 800-mg tablet, and a 250 mg/5 mL 
oral solution. The bioavailability of gabapentin is not 
dose proportional; that is, the increase in serum con-
centration is not proportional to the increase in dose. 
The administration of two 300-mg capsules and two
400-mg capsules have the same bioavailability as a 
single 600-mg tablet and a single 800-mg tablet. The 
manufacturer indicates that gabapentin may be admin-
istered by solution, capsule, tablet, or any combination 
of these formulations (56).

Lamotrigine

Lamotrigine (Lamictal®) is supplied as 25-mg, 100-mg, 
150-mg, and 200-mg tablets and as 2-mg, 5-mg, and 
25-mg chewable/dispersible tablets. The lamotrigine 
chewable/dispersible tablets were shown to be equiva-
lent, whether they were administered dispersed in water, 
chewed and swallowed, or swallowed whole, to the 
lamotrigine compressed tablets in terms of rate and extent 
of absorption. The lamotrigine tablets should be swal-
lowed whole because chewing them may leave a bitter 
taste. The chewable/dispersible tablet may be swallowed 
whole, chewed, or mixed in water or diluted fruit juice. 
If the tablets are chewed, consume a small amount of 
water or diluted fruit juice to aid in swallowing. To dis-
perse the chewable/dispersible tablet, add the tablets to 
a small amount of liquid—1 teaspoon (5 mL), or enough 
to cover the medication—in a glass or spoon. Approxi-
mately 1 minute later, when the tablets are completely 
dispersed, mix the solution and take the entire amount 
immediately (57).

Topiramate

Topiramate (Topamax®) is available as 25-mg, 100-mg,
and 200-mg tablets for oral administration and as 
15-mg and 25-mg sprinkle capsules. The sprinkle capsule 
contains coated beads of topiramate in a hard gelatin 
capsule and may be swallowed whole or opened and 
sprinkled onto soft food. The sprinkle formulation is 
bioequivalent to the immediate-release tablet and may 
be substituted as a therapeutic equivalent. If the sprinkle 
capsule is to be administered as a sprinkle, the patient 
should be instructed to hold the capsule upright so that 
the word TOP can be read. The top should be carefully 
twisted off. This is best done over the food with which the 
drug is to be mixed. The entire contents of the capsule 
should be emptied onto a spoonful of soft food. The pa-
tient should swallow the entire contents of the spoonful 
of food and topiramate mixture. The patient should not 
chew the food or drug and should follow the ingestion 

of the food/drug mixture with fluids to ensure that the 
entire contents are swallowed. The mixture should never 
be stored for use later (58).

Tiagabine

Tiagabine (Gabatril®) is supplied as 2-mg, 4-mg, 12-mg, 
16-mg, and 20-mg tablets. It is sparingly soluble in water. 
Tiagabine is well absorbed with food, slowing the rate of 
absorption but not the extent of absorption (59).

Levetiracetam

Levetiracetam (Keppra®) is manufactured as 250-mg, 
500-mg, and 750-mg scored tablets. It is very soluble 
in water, and a solution dosage form is now approved. 
It may be given with or without food. Levetiracetam 
recently became available in an intravenous form. The 
IV dosage form is supplied in vials of 500 mg/5 mL. 
The drug should be diluted in 100 mL (100 mg/mL) of 
either sodium chloride 0.9%, lactated Ringer’s injection, 
or Dextrose 5% injection USP. The recommended admin-
istration time for IV levetiracetam is 15 minutes (60).

Oxcarbazepine

Oxcarbazepine (Trileptal®) is completely absorbed and 
rapidly metabolized to its 10-monohydroxy derivative 
(MHD), which is the pharmacologically active compo-
nent. Oxcarbazepine is available as 150-mg, 300-mg, 
and 600-mg tablets and as a 300 mg/5 mL oral suspen-
sion. The tablets and the suspension are considered to 
have the same bioavailability. After a single-dose admin-
istration of oxcarbazepine tablets to healthy male vol-
unteers under fasted conditions, the median Tmax was 
4.5 (range 3 to 13) hours. After single-dose administra-
tion of oxcarbazepine suspension, the median Tmax was 
6 hours. A 10-mL dosing syringe and press-in bottle 
adapter are provided with oxcarbazepine suspension. 
The suspension should be used within 7 weeks of first 
opening the bottle (61).

Zonisamide

Zonisamide (Zonegran®) is supplied as a 100-mg cap-
sule. Zonisamide may be taken with or without food. 
Although there is no solution or suspension dosage form 
of zonisamide commercially available, the capsule may be 
opened and mixed with apple sauce or juice. The solution 
is stable for two weeks (62).

Pregabalin

Pregabalin (Lyrica®) is supplied as 25, 50, 75, 100, 150, 
200, 225, and 300-mg capsules (63).
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RECTAL ADMINISTRATION OF AEDS

The rectal route of administration is a practical alter-
native when oral or parenteral routes are not available 
(19) (Table 38-3). Rectal administration is often useful in 
the treatment of emergent conditions, such as prolonged 
seizures, clusters of seizures, or status epilepticus, when 
access to a vein is delayed or when therapy is started at 
home. Additionally, rectal administration can substitute 
for oral administration of maintenance AEDs when the 
latter route is temporarily unavailable because of upper 
GI illnesses, dental procedures, abdominal surgery, or 
transient GI intolerance to medication (64). Occasion-
ally, rectal administration is indicated when psychiatric 
or mentally handicapped patients refuse or are unable 
to take their medications. A commercial diazepam rectal 
formulation is available in the United States, and the 
parenteral solution can also be administered rectally.

Clonazepam

The injectable solution of clonazepam has been adminis-
tered rectally to volunteers and patients (65, 66). Doses 
in patients have ranged from 0.05 to 0.1 mg/kg, which 
produce peak serum concentrations 10 to 120 minutes 
after administration of the dose. There is no information 
on the extent of absorption.

Carbamazepine

Carbamazepine has been given rectally as a suspension, 
a suppository, and a viscous gel solution (37, 67, 68). 
The commercially available suspension, when diluted and 
given rectally, is bioequivalent to the tablet given orally, 
but the peak concentration occurs later than when taken 
by mouth (37). The suspension is hypertonic, causing a 
strong urge to defecate. An extemporaneously prepared 

TABLE 38-3
Antiepileptic Drugs Available for Rectal Administration

   DRUG   
   USEFULNESS   
TREATMENT DOSAGE (MG/KG/DOSE) PREPARATION PHARMACOKINETICS COMMENTS

Carbamazepine Maintenance Same as oral Oral suspension  Peak concentration Definite
     (dilute with equal  4–8 h; 80% absorbed  cathartic effect
     volume of water)
    Suppository gel 
     (CBZ powder 
     dissolved in 20% 
     alcohol and methyl 
     hydroxy cellulose)
Clonazepam ?Acute 0.020.1 mg Parenteral solution Peak concentration  Onset may be 
      0.1–2 h  too slow for 
       acute use
Diazepam  Acute 0.2–0.5 mg  Parenteral Effect in 2–10 min; Well tolerated; 
      solution  peak concentration   nordiazepam
       2–30 min  accumulates 
       with repeated 
       doses
Lorazepam  Acute 0.05–0.1 mg Parenteral  Peak concentration  Well tolerated
     solution  0.5–2 h
Paraldehyde Acute 0.3 mL 5 –  Oral solution  Effect in 20 min,  Moderate 
    25 mg  (dilute with equal  peak concentration  cathartic
     volume of mineral oil)  2.5 h  effect; use 
       glass syringe
Valproic acid Acute Same as oral Oral solution Peak concentration  Definite
     (dilute with equal  1–3 h  cathartic
     volume of water)   effect
  Maintenance  VPA liquid from  Peak concentration  Well tolerated
     capsule mixed into   2–4 h; 80%  
     Supocire C lipid base  absorbed 
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suppository has been evaluated in both healthy subjects 
and patients (67). It was more consistently absorbed than 
the commercial tablet, with a mean bioavailability of 67 
percent and a Tmax of 12 hours. A viscous gel containing 
200 mg of carbamazepine and 250 mg of methylhydroxy-
cellulose dissolved in 5 mL of 20% alcohol was adminis-
tered in a single patient and produced therapeutic serum 
concentrations (44). Rectal carbamazepine is absorbed 
too slowly to be useful in treating status epilepticus, but 
it may be tried as temporary replacement therapy when 
the oral route is not available.

Diazepam

Diazepam has been given rectally as a solution or gel and 
a suppository. Rectal administration of diazepam solu-
tions in children results in rapid and complete absorption, 
with peak concentrations attained within 5 to 15 min-
utes after administration (69–71) (Figure 38-7). Given the 
time needed to establish an IV line, the rectal administra-
tion of diazepam solution or gel is a practical alternative 
to IV diazepam in the acute management of severe 
seizures (72, 73). A double-blind, placebo-controlled 
trial demonstrated that a rectal diazepam gel (Diastat®)
administered by parents or other caregivers was highly 
effective in interrupting clusters of seizures and reduc-
ing subsequent emergent care (74). Another study has 
shown that home use of a rectally administered diazepam 
solution was safe and effective in controlling prolonged 
seizures and preventing febrile convulsions (75). Rectal 
diazepam has been shown to reduce health care costs, to 

reduce caregiver burden, and to reduce parental stress. 
The most common side effect is somnolence and drowsi-
ness. Suppositories are commercially available in some 
countries other than the United States, but they are not 
recommended because absorption is slow and erratic.

Felbamate

In a single case study, felbamate (FBM) was poorly 
absorbed rectally. The oral suspension was diluted 1:1 
with saline and rectally administered to temporarily 
replace the oral dosing regimen in a 2-year old child for 
4 days (76). FBM concentrations fell throughout rectal 
administration, indicating little to no absorption. FBM is 
a lipid-soluble, nonionized medication, making it unclear 
why it is so poorly absorbed.

Gabapentin

A report involving two children found that the bioavail-
ability of a gabapentin solution given rectally ranged from 
17% 29% (77). Therefore, it should not be administered 
rectally.

Lamotrigine

Two studies have assessed the bioavailability of lamotrigine 
compressed and chewable/dispersible tablets given rectally 
(78, 79). The tablets were crushed and suspended in. The 
bioavailability of these suspensions given rectally was com-
pared to the bioavailability of the corresponding tablets 
given orally. These studies demonstrated that lamotrigine 
is absorbed rectally but that the bioavailability is less. The 
bioavailability of the suspension from the compressed tab-
let was 0.63 � 0.33 of that of the same tablet given orally, 
and the bioavailability was 0.52 � 0.23 of the oral value 
for the chewable/dispersible tablet.

Lorazepam

The commercially available parenteral formulation of 
lorazepam has been given rectally to volunteers and 
patients (80, 81). Doses of 0.05 mg/kg stopped seizures in 
eight children. The bioavailability of rectally administered 
lorazepam was assessed in six volunteers who were given 
2 mg of the parenteral solution. The Tmax was 67 minutes, 
and the fraction absorbed averaged 86% with a range 
of 51% to 118%. The slow absorption of the parenteral 
solution limits the usefulness of rectal lorazepam for treat-
ment of emergent conditions. Diazepam is absorbed more 
rapidly and is preferred for rectal administration.

Midazolam

Midazolam is absorbed rapidly—Tmax appears to be 10 
to 15 minutes—but its bioavailability is erratic and low, 
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10% to 20%, which makes it difficult to administer an 
effective dose (82).

Oxcarbazepine

Clemens et al performed a study in 10 healthy volunteers 
to characterize the bioavailability of rectally administered 
oxcarbazepine suspension (300 mg/5 mL) diluted 50% 
with water. Mean relative bioavailability calculated from 
plasma AUCs was 8.3% (SD 5.5%) for monohydroxy 
derivative (MHD) and 10.8% (SD 7.3%) for OXC. The 
Cmax and AUC differed significantly between routes for 
both MHD and OXC (P � 0.01). The total amount of 
MHD excreted in the urine following rectal administra-
tion was 10 � 5% of the amount excreted following oral 
administration. Oral absorption was consistent with pre-
vious studies. The most common side effects were head-
ache and fatigue with no discernable difference between 
routes. MHD bioavailability following rectal administra-
tion of OXC suspension is significantly less than after oral 
administration, most likely because of OXC’s poor water 
solubility. It is unlikely that adequate MHD concentra-
tions can be reached by rectal administration of diluted 
OXC suspension (83).

Paraldehyde

Rectally administered paraldehyde has been widely used 
to control severe seizures, particularly in children (84, 
85). However, information on the efficacy, toxicity, and 
pharmacokinetics is limited. Rectal bioavailability is 75% 
to 90% versus 90% to 100% for the oral route. Time 
to peak concentrations after rectal administration is 2.5 
hours versus 0.5 hours for oral administration. Paralde-
hyde should be diluted with an equal volume of olive oil 
or vegetable oil to reduce mucosal irritation.

Phenobarbital

There is no commercially available rectal dosage form 
for phenobarbital. Graves and coworkers gave seven 
volunteers phenobarbital sodium parenteral solution 
rectally and intramuscularly (86). After rectal administra-
tion absorption was 90% complete, with a time to peak 
concentration of 4.4 hours versus 2.1 hours for the IM 
injection. Suppositories containing phenobarbital sodium 
are more rapidly absorbed than phenobarbital acid given 
either orally or intramuscularly (87, 88).

Phenytoin

Occasionally, there arises a need to administer phenytoin 
rectally, although no commercial rectal dosage form is 
available. Several studies of investigational suppository 
formulations have failed to demonstrate absorption. 

Rectal administration of phenytoin sodium parenteral 
solution in dogs produced low but measurable serum 
concentrations, but absorption was slow (89). Rectal 
administration of phenytoin is not recommended.

Valproic Acid

Valproic acid absorption has been studied after rectal 
administration of diluted syrup and suppositories. Rectal 
absorption of the commercially available syrup is complete, 
with peak concentrations occurring approximately 2 hours 
after a dose (90–92). High osmolality necessitates 1:1 dilu-
tion of the syrup to minimize catharsis. The syrup has 
been used to treat status epilepticus when other therapy is 
ineffective. Various suppository formulations are absorbed 
well, albeit more slowly than the syrup, with time to peak 
concentration occurring in 2 to 4 hours (93, 94).

Topiramate

Topiramate is also readily absorbed following rectal 
administration. In a study of twelve healthy subjects who 
received either 100 or 200 mg of topiramate orally and 
a 200 mg dose of topiramate given rectally, the relative 
bioavailability (Frel), which was determined by calculat-
ing the dose-normalized areas under the concentration 
time curves, was 0.72 � 0.18 h/L for the rectal dose 
and 0.76 � 0.20 h/L for the oral dose.The relative bio-
availability for topiramate administered rectally was 
0.95 �  0.17 with a range of 0.68 � 1.2 (95).

Zonisamide

Nagatomi et al investigated two zonisamide supposito-
ries compared with IV and oral dosing in rats (96). The 
bioavailability of the hydrophilic base was 96%, and that 
from the lipophilic base was 108%. The Cmax following 
both rectal suppositories was significantly greater than 
an equal oral dose, and Tmax occurred faster after the 
hydrophilic-based suppository (2 hrs) than after either 
the lipophilic-based or the oral dose (4 hrs).

STUDIES OF OTHER 
ADMINISTRATION ROUTES

Buccal/Sublingual

Buccal/sublingal administration of diazepam and loraz-
epam has been recommend by some clinicians as a part 
of routine clinical practice. However, there are no studies 
documenting their efficacy. Limited data exist for pharma-
cokinetic and efficacy for this route of administration.

Buccal administration of midazolam was studied 
in 10 healthy adults in a study in which 2 mL of the 
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intravenous preparation of midazolam 5 mg/mL fla-
vored with peppermint was held in the mouth for 5 min-
utes, then spat out. The researchers found that changes 
on electroencephalography were observed within 5 to 
10 minutes of administration of the drug, suggesting 
rapid absorption and onset of effect (97). In a random-
ized controlled trial conducted in a hospital emergency 
department, the safety and efficacy of buccal midazolam 
were compared with those of rectal diazepam (98). The 
dose used for each drug was determined by the age of the 
child, with a target dose of about 0.5 mg/kg (from 2.5 
mg for children aged 6 to 12 months; 4 mg for those 1 
to 4 years; 7.5 mg for those 5 to 9 years; and 10 mg for 
those 10 years or older). A total of 219 episodes of acute 
seizures in 177 children were treated.Therapeutic success 
was defined as cessation of seizure within 10 minutes of 
drug administration without respiratory depression and 
without seizure recurrence within 1 hour. A postivie out-
come was achieved in 56% of patients treated with buc-
cal midazolam, compared with 27% of patients treated 
with rectal diazepam (P �0.001; odds ratio [OR] 4.1, 
95% CI 2.2–7.6). Median time to seizure termination was 
8 minutes (range: 5–20 minutes) for buccal midazolam 
and 15 minutes (range: 5–31 minutes) for rectal diazepam 
(P 	 0.01; hazard ratio [HR] 0.7; 95% CI 0.5–0.9).

Greenblatt et al compared the pharmacokinetics of 
sublingual lorazepam with IV, IM, and oral LZP (99). Ten 
healthy volunteers randomly received 2 mg of LZP in the 
following five formulations: IV injection, IM injection, 
oral tablet, sublingual administration of the oral tablet, 
and sublingual administration of a specially formulated 
tablet. Peak plasma concentrations, time to peak concen-
trations, elimination half life, and relative bioavailability 
were not significantly different among the formulations. 
Peak concentrations were highest for the IM route, fol-
lowed by oral and sublingual; time to peak concentrations 
was most rapid for the IM route, followed by sublingual 
and oral. Mean relative bioavailabilities were high for all 
routes: IM (95.9%), oral (99.8%), sublingual of oral tab-
let (94.1%) and sublingual of special tablet (98.2%).

It should be noted, however, that the efficacy, safety, 
duration of effect, and ease of buccal/sublingal adminis-
tration by nonmedical caregivers have not been evaluated 
in settings outside of hospitals.

INTRANASAL

Several benzodiazepines possess the physical, chemical, 
and pharmacokinetic properties required of effective 
nasal therapies. Among the benzodiazepines considered 
for intranasal administration, midazolam has been most 
extensively studied. In one randomized, open-label trial 
involving 47 children with prolonged (�10 minutes) 
febrile seizures, the safety and efficacy of intranasal 

midazolam (0.2 mg/kg) were compared with those of 
intravenous diazepam (0.3 mg/kg) administered over 
5 minutes (100). Intranasal midazolam was as safe and 
effective as intravenous diazepam and resulted in earlier 
cessation of seizures as a result of rapid administration.

However, the role of intranasal midazolam in treat-
ing seizure emergencies remains to be established. There 
are no adequately controlled trials demonstrating the 
safety and efficacy of intranasal midazolam for out-of-
hospital treatment. Moreover, the short elimination half-
life of midazolam—especially in patients taking enzyme-
inducing drugs—raises concern as to whether its duration 
of effect is satisfactory in out-of-hospital settings.

Intranasal lorazepam has also been studied (101). 
Intranasal LZP was absorbed with a mean percent bioavail-
ability of 77.7 � 11.1%. A double-peak concentration-
time curve was observed, indicating possible secondary 
oral absorption. The time to peak concentration was vari-
able, ranging from 0.25–2 hours. Lorazepam’s relatively 
limited lipid solubility as compared with that of mid-
azolam or diazepam results in a slower rate of absorption 
and onset of action.

Diazepam has a lipid solubility and potency com-
parable with those of midazolam and a much longer 
elimination half-life, properties that make it a good can-
didate for intranasal administration. The bioavailability 
of a novel intranasal diazepam formulation has been 
compared with that of intranasal midazolam in healthy 
volunteers (n 	 4) (102). Both midazolam and diazepam 
were rapidly absorbed, but diazepam’s absorption was 
more extensive and its half-life longer than that of mid-
azolam. Compared with rectally administered diazepam, 
the nasal diazepam formulation is absorbed to the same 
extent, but appears to be more rapidly absorbed, resulting 
in attainment of maximum concentrations as much as 
30 minutes earlier (103).

Nasogastric Tubes

A nasogastric (NG) tube offers an alternative route of 
drug delivery. However, drug may adhere to the tubing, 
clog the tubing, or not be absorbed. Occlusion of the tube 
by the drug is also a concern. Tube occlusions may require 
replacement of the tube, which is both costly and incon-
venient for the patient. Recently, it has been demonstrated 
that sustained-release carbamazepine (Carbatrol®) can 
be opened, mixed with 0.9% sodium chloride or apple 
juice as diluents, and reliably delivered through an NG 
tube or feeding tube 12 French or greater in size (104, 
105). Topiramate has also been reported to be effective 
in patients with status epilepticus when given through 
an NG tube (106).

However, absorption from nasogastric tubes is 
not always comparable to orally administered formula-
tions. When patients who are receiving tube feedings are 
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switched from IV phenytoin (fosphenytoin) to oral phe-
nytoin administered via a nasogastric tube, there appears 
to be decreased absorption of the oral formulation. This 
seems to occur regardless of whether the suspension 
or the oral capsule dosage form is used. Although the 
mechanism has not been clearly documented, it has been 
postulated that phenytoin may bind to proteins in the 
enteral feeding. Also, the enteral feeding may increase 
the GI motility, which may decrease the absorption (107). 
Sometimes very large oral doses may need to be given to 
maintain the desired serum concentrations in patients 
receiving phenytoin and enteral feedings via a nasogastric 
tube. Some practitioners try to stop the enteral feedings 
for two hours before and two hours after the dose of phe-
nytoin. IM fosphenytoin would be an alternative (3).

SUMMARY

The selection of AED dosage forms is very important in 
pediatric epilepsy. Patients may be unwilling or unable 
to take oral solid dosage forms. Therefore, the avail-
ability of alternative oral dosage forms such as suspen-
sions, solutions, and sprinkles is important. Patients 
who experience concentration-dependent side effects or 
breakthrough seizures may realize improved control by 
switching to an alternative dosage form. For example, a 
controlled-release formulation will provide lower peaks 
and higher troughs, facilitating better seizure control with 
less toxicity.

Although it has been the practice to crush oral solids 
and mix the contents with food, this is not always desir-
able. Some products, such as Phenytek®, Depakote-ER, 
Depakote®, and Tegretol-XR®, lose the properties they 
were designed to provide if the structure of the prepa-
ration is disrupted. In some cases, the rate or extent of 
absorption may be altered when the drug is given with 
food. It also has been a custom to compound pediatric 
dosage forms extemporaneously. This is an important way 
to provide drug in a form that young children can take. 

However, clinicians should be cautious about extempora-
neous compounding of pediatric formulations unless they 
can determine the amount of drug in the formulation, 
the stability of the product, and the bioavailability. This 
requires an assay for the compounded product and an 
assay of the drug in blood. In addition, with compounded 
drugs, someone should taste the preparation before it is 
given to the patient. For example, gabapentin has a very 
bitter taste when it is put into solution. Therefore, when 
a drug is compounded for pediatric delivery, the new 
formulation should be tested to ensure that it is being 
delivered properly. Specialized dosage forms generally 
are more expensive.

Caregivers should be thoroughly educated in drug 
administration techniques for children. When carefully 
instructed, caregivers can properly administer medications 
(108). Drug administration techniques are summarized 
in Tables 38-4, 38-5, and 38-6. When doses are given 
as “teaspoonfuls,” caregivers should have a calibrated 
device for measuring the dose rather than using a com-
mon utensil. The volume of “standard” teaspoons varies 
up to fourfold. Drugs given rectally, such as diazepam, 
require special caregiver education.

Clinical assessment, selection of a drug, and deter-
mination of the dose require special attention in the 

TABLE 38-4
Medication Administration Guidelines for Infants

Use a calibrated dropper or oral syringe.

Support the infant’s head while holding the infant in lap.

Give small amounts of medication to prevent choking.

If desired, crush non–enteric-coated tablets to a powder
 and sprinkle on small amounts of food. 

Provide physical comforting to calm the infant while 
 administering medications.

TABLE 38-5
Medication Administration Guidelines for 

Toddlers

Allow child to choose a position in which to take 
 medications.
Disguise the taste with a small volume of flavored drink 
 or food. Rinse mouth with flavored drink to remove 
 aftertaste.
Use simple commands in the toddler’s jargon to obtain 
 cooperation. Allow the toddler to choose which medi
 cations to take first. Allow toddler to become familiar 
 with the oral dosing device.

TABLE 38-6
Medication Administration Guidelines for 

Preschool Children

Place tablet or capsule near back of tongue and provide 
 water or a flavored liquid to aid in swallowing.
Do not use chewable tablets if the child’s teeth are 
 loose. Use a straw to administer medications that may 
 stain teeth.
Use a rinse with a flavored drink to minimize aftertaste.
Allow child to help make decisions about dosage forms, 
 place of administration, which medication to take 
 first, and the type of flavored drink to use.
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pediatric patient, as does the selection of the appropri-
ate formulation and dosage form. This last step in the 
therapeutic plan plays a pivotal role in the ultimate suc-
cess of therapy. The objective is to ensure the regular 
and consistent delivery of drug to the brain. When con-
ventional oral tablets and capsules are inappropriate 

or impractical, alternate formulations, dosage forms, 
and routes of administration should be considered. 
The clinician also must assess the ability of the care-
giver to correctly prepare, measure, and administer 
medications and instruct caregivers about proper drug 
administration.
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Principles of Drug 
Interactions: Implications 
for Treatment with 
Antiepileptic Drugs

harmacokinetic interactions, some-
times leading to adverse clinical sit-
uations, have long been recognized 
as an occasionally unavoidable 

facet of antiepileptic drug (AED) treatment (1, 2). Since 
the mid-1990s, a number of newer AEDs have entered 
the marketplace, both in the United States and globally. 
One general advantage of these newer medications is an 
improved pharmacokinetic profile, including a reduced 
potential for participating in drug-drug interactions, as 
compared to the older medications.

The aim of this chapter is to summarize in-vitro 
and in-vivo data regarding drug interactions with both 
the newer as well as the older, traditional AEDs in terms 
of absorption, distribution, protein binding, and hepatic 
induction and inhibition. Clinical implications of these 
interactions will also be discussed.

PATIENTS AT RISK

Patients perhaps at the greatest risk for drug interac-
tions are usually those who are the most severely ill. 
This includes patients in the intensive care unit, geriatric 
patients, premature neonates, and young children. Drug 
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interactions may be a significant contributor to both 
patient morbidity and mortality (3, 4).

Clinicians should recognize that as a group, 
patients with epilepsy, including both children and 
adults, tend to receive more medications than does 
the general population. As the number of concomi-
tant medications increases, so does the likelihood of 
drug interactions. The patients with the most refrac-
tory epilepsy are consequently more likely to encounter 
problems with drug interactions related to concomi-
tant AED therapy than their controlled counterparts. 
Although, historically, more attention has been paid 
to AED-to-AED interactions, there has been increasing 
attention to the potential for certain AEDs to interact 
(perhaps adversely) with other concomitant medica-
tions that patients may be receiving.

MECHANISMS FOR COMMON 
DRUG INTERACTIONS

Oral Absorption of Drugs

Most AEDs are well absorbed following oral administra-
tion. However, absorption of some compounds can be 
altered by drug-drug or drug-food interactions. These 
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interactions can affect maximum plasma concentration, 
time to reach maximum concentration, and even over-
all extent of absorption. Among the older, traditional 
AEDs, oral absorption of phenytoin appears to be the 
most problematic. Of particular concern is the issue of 
concomitant administration of an AED with an enteral 
nutrition supplement. Concomitant administration 
of phenytoin with these nutritional formulations can 
result in marked reductions in oral bioavailablity (4–6). 
Because of this interaction, it is commonly suggested 
that the administration of phenytoin and enteral feed-
ings be separated by at least 2 hours. Unfortunately, this 
may not be practical, particularly for patients requiring 
continuous feedings. Alternatively, clinicians can over-
come this interaction by simply increasing the phenyt-
oin dosage and using serum drug concentrations as a 
guide. This approach is also problematic. If for example, 
enteral feedings are discontinued, or interrupted for a 
significant period of times, and phenytoin doses are not 
readjusted downward, there will likely be a marked rise 
in phenytoin concentrations, potentially leading to drug 
intoxication. If possible, therefore, this drug-nutrient 
interaction should be avoided. Concomitant ingestion 
of food may also delay the rate of absorption of older 
agents such as valproic acid but is unlikely to impact 
overall absorption (7).

Generally speaking, oral absorption interactions 
with the newer-generation AEDs are unlikely to be of 
clinical significance in most patients. Unlike older, tradi-
tional compounds such as phenytoin or carbamazepine, 
the newer-generation AEDs tend to be quite water soluble 
and are rapidly and completely absorbed. Indeed, in con-
trast to the problems described for phenytoin, absorp-
tion of newer-generation agents such as gabapentin, 
lamotrigine, and levetiracetam does not appear to be 
impaired when coadministered with enteral nutritional 
supplements (8–9).

When topiramate is administered with food, the rate 
of absorption is decreased, delaying time to maximum 
concentration by approximately 2 hours and decreasing 
mean maximum concentration by approximately 10%, 
with no significant effect on overall extent of absorp-
tion. Conversely, when oxcarbazepine is given with food, 
the mean maximum serum concentrations of the active 
monohydroxy metabolite is increased by 23% (10–11). 
Whether this is clinically meaningful is unclear.

Coadministration of levetiracetam with food 
delays the time to peak concentration by approximately 
1.5 hours and decreases the maximum concentration by 
20%; however, the extent of absorption is not affected. 
Mixing with enteral feeding formulas does not appear 
to result in significant impairment of absorption, over 
and beyond that seen with concomitant administration 
with food (12).

Role of Drug Transporter Proteins

ATP-dependent drug transporters, including members 
of the multidrug resistance protein (MRP) family and 
P-glycoprotein (Pgp), have been implicated as a major 
limiting factor in drug pharmacokinetics (13). Pgp and 
MRP are located on the apical side of capillary endothe-
lial cells and are thought to extrude drug molecules back 
into blood (or intestine) from cells. These efflux pumps 
appear to act in conjunction with drug-metabolizing 
enzymes such as CYP 3A4 to limit drug access to both the 
systemic circulation and various cellular compartments 
(14). This may be clinically important, in that several of 
the older AEDs, such as carbamazepine, display the abil-
ity to induce the activity of CYP 3A4 and Pgp (15). At 
the intestinal level, induction of both CYP 3A4 and these 
efflux pumps would serve to significantly reduce the oral 
bioavailability of a number of medications. While most 
attention has been focused on the role of these trans-
porters in modulating oral drug absorption, it has also 
become clear that these transporter proteins are localized 
in a variety of tissues including the liver, kidney, blood-
brain barrier, and placenta. In addition to potentially 
limiting oral drug absorption or blood-brain barrier pen-
etration, these drug efflux pumps may be important in 
protecting the fetus from drug/chemical exposure. Several 
studies have now demonstrated that PgP is expressed in 
the trophoblast layer of the placenta and may provide 
an important mechanism of protection to the fetus from 
maternal drug exposure (16).

IS PROTEIN BINDING RELEVANT?

In most cases, changes in protein binding are not clinically 
significant, but in some situations these alterations, as a 
result of either changes in protein concentration (e.g., hypo-
albuminemia) or protein binding displacement, may lead to 
misinterpretation of serum drug concentrations (17).

Protein binding displacement interactions can occur 
when two highly protein-bound (�90%) agents are 
administered together and compete for a limited num-
ber of binding sites. Typically, the drug with the greater 
affinity for the binding site displaces the competing agent, 
increasing the unbound fraction of the displaced drug. 
It is the unbound drug concentration that is responsible 
for the drug’s pharmacologic activity. Unbound drug con-
centrations are dependent on the drug dose and drug-
metabolizing activity of enzymes (intrinsic clearance). 
Unbound drug concentrations may rise initially follow-
ing the concomitant administration of two competing 
drugs but should return to preinteraction values fairly 
quickly. In other words, these interactions are transient. 
Total concentrations of drug, however, will be lower than 
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expected. If serum concentrations are being monitored, 
this may lead to misinterpretation.

Among the AEDs, the potential for protein-binding 
interactions is greatest for phenytoin and valproic acid. 
Both phenytoin and valproic acid are extensively bound 
to plasma proteins (�90%). Valproic acid is also an 
inhibitor of cytochrome P450 2C19, one of the enzymes 
responsible for phenytoin metabolism. When these two 
agents are coadministered, unbound phenytoin concentra-
tions are higher than typically expected and total (bound 
� unbound) concentrations are lower (16). When using 
this combination, it may be prudent to monitor unbound 
phenytoin concentrations as well as total.

With the exception of tiagabine (96% protein bound), 
an advantage of the newer-generation AEDs is that they are 
not extensively protein bound, and therefore these types 
of pharmacokinetic interactions are not likely.

Metabolism: Implications of Enzyme 
Induction and Inhibition

Most clinically relevant drug interactions result from 
alterations in drug metabolism, either in the liver or in the 
gut. Drug-metabolizing enzyme induction can result in an 
increased rate of metabolism of the affected drug, leading to 
both decreased oral bioavailability and increased systemic 
clearance of extensively metabolized concomitant medica-
tions. The clinical result therefore would be potentially sub-
therapeutic serum concentrations of that drug. Conversely, a 
number of drugs (including several AEDs) have been shown 
to be inhibitors of various drug-metabolizing enzymes, and 
concomitant administration of these agents can slow the 
rate of metabolism of the affected drug and cause increased 
serum levels of drug, leading to toxicity.

The metabolic pathways of AEDs can vary; however, 
most metabolism is achieved via oxidative metabolism 
and/or glucuronidation (18–20). Oxidative metabolism 
is accomplished via the cytochrome P450 (CYP) isoen-
zyme system. This system consists of three main families 
of enzymes: CYP1, CYP2, and CYP3. There are seven 
primary isoenzymes that are involved in the metabolism 
of most drugs: CYP1A2, CYP2A6, CYP2C9, CYP2C19, 
CYP2D6, CYP2E1, and CYP3A4. Of these, the ones com-
monly involved with metabolism of AEDs include CYP2C9, 
CYP2C19, and CYP3A4 (21). Another important meta-
bolic pathway for several AEDs, including valproic acid, 
lorazepam, and lamotrigine, is conjugation via the enzyme 
uridine diphosphate glucuronosyltransferase (UGT).

Although they do not necessarily contraindicate 
AED therapy, these pharmacokinetic interactions can 
clearly complicate therapy in individuals receiving multi-
ple AEDs. In some cases, it may be difficult to distinguish 
whether a change in a person’s clinical state (change in 
seizure frequency or appearance of toxicity) is due to an 
additive pharmacologic effect of the added drug or simply 
due to a change in serum concentration in the original 
AED. One approach to rational polytherapy would be 
to combine agents that do not interact with each other. 
In this way, the confounders of changes in drug disposi-
tion can be excluded from the evaluation of therapeu-
tic response to combined AED treatment. Interactions 
between AEDs and hepatic enzymes are summarized in 
Table 39-1 and discussed in the following paragraphs.

Hepatic Enzyme Induction. Compounds that are hepatic 
inducers increase the synthesis of enzyme protein and thus 
increase the capacity for drug metabolism. Induction of 
hepatic enzymes occurs over a gradual period of days to 

TABLE 39-1
Effect of Antiepileptic Drugs on CYP Isoenzymes or Other Enzyme Systems

DRUG EFFECT ON METABOLISM ENZYMES

Phenobarbital, carbamazepine,  Inducers Broad CYP, UGT
 phenytoin   inducers
Valproic acid Inhibitor CYP 2C19, UGT, 
    Epoxide hydrolase
Gabapentin, pregabalin No effect 
Lamotrigine Weak inducer UGT
Levetiracetam No effect 
Oxcarbazepine Inducer (modest) CYP3A4
Tiagabine No effect  —
Topiramate Inhibitor (modest) CYP2C19
  Inducer (modest) CYP 3A4
Vigabatrin None 
Zonisamide No effect
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weeks and is a reversible process. Addition of an inducer 
will cause a lowering of serum concentrations of the tar-
get drug, conceivably resulting in inadequate therapeutic 
response. Conversely, removal of an enzyme inducer will 
cause a rise in the levels of the target drug, potentially 
causing toxicity.

Among the older-generation AEDs, carbamazepine, 
phenytoin, and the barbiturates phenobarbital and primi-
done are inducers of both the cytochrome P450 (CYP) 
and UGT enzyme systems (18). Combining these agents 
with other AEDs that are metabolized by either of these 
enzyme systems can result in markedly enhanced sys-
temic clearance, and reduced serum concentrations of the 
affected drug, requiring higher doses in order to main-
tain comparable (as compared to monotherapy) steady-
state serum concentrations. An example of this sort of 
interaction would be the combination of phenytoin and 
lamotrigine.

Lamotrigine is extensively (�90%) metabolized 
hepatically by N-glucuronidation via UGT 1A3 and UGT 
1A4. Lamotrigine does not appear to significantly alter 
concentrations of carbamazepine or carbamazepine epox-
ide (21, 22) nor any of the other AEDs. However, the half-
life of lamotrigine is reduced from 24 hours to 15 hours 
when administered with enzyme-inducing drugs as just 
described. Following the withdrawal of the enzyme induc-
ers carbamazepine and phenytoin, lamotrigine plasma 
concentrations have been observed to increase by 50% 
and 100 %, respectively (23).

Levetiracetam shows limited metabolism in humans, 
with 66% of the dose renally excreted unchanged. Its 
major metabolic pathway is via hydrolysis of the acet-
amide group to yield a carboxylic derivative, which is 
mainly recovered in the urine. Levetiracetam is not sig-
nificantly metabolized by CYPs or UGTs and appears 
to be devoid of pharmacokinetic drug interactions 
(24, 25). Similarly, the drugs gabapentin and pregabalin 
appear to be devoid of enzyme-inducing (or inhibition) 
properties.

Oxcarbazepine is converted to 10-hydroxycarbam-
azepine (OHCZ), the metabolite primarily responsible for 
pharmacologic activity. This active metabolite is mostly 
excreted by direct conjugation to glucuronic acid. Oxcar-
bazepine does not seem to be a broad-spectrum enzyme 
inducer, although it does posses modest, specific induc-
tion potential toward the CYP3A subfamily, as evidenced 
by the increased metabolism of estrogens and dihydro-
pyridine calcium channel antagonists (1, 2). Clinicians 
should be aware that this drug does indeed have modest 
potential for causing enzyme induction interactions, but 
that this potential may vary among different patients.

Topiramate is approximately 60% excreted 
unchanged in the urine. It is also metabolized by hydrox-
ylation and hydrolysis. Two of its metabolites are con-
jugated as glucuronides. While not considered a potent 

enzyme inducer, topiramate can increase clearance of val-
proate by approximately 13% and may lower oral con-
traceptive serum concentrations (26, 27). Whether these 
changes in valproic serum concentration are clinically 
meaningful is unclear. Topiramate metabolic clearance 
can be increased when it is administered with enzyme-
inducing AEDs, thereby reducing half-life and lowering 
serum concentrations by up to 40%.

Zonisamide is a synthetic 1,2-benzisoaxole deriva-
tive that is metabolized in large part by reduction and 
conjugation reactions. Oxidative reactions involving 
CYP3A4 and CYP2D6 are also involved. Zonisamide 
elimination can be altered by other drugs. Specifically, 
enzyme-inducing drugs such as carbamazepine and phe-
nytoin can significantly increase the clearance of this 
drug, effectively reducing the half-life of zonisamide by 
about half.

Hepatic Inhibition. Hepatic enzyme inhibition can occur 
when two drugs compete for the same enzyme site, reduc-
ing the metabolism of the target drug. A resultant increase 
in the object drug can occur if a substantial portion of 
the target drug is prevented from occupying the enzyme 
site. Inhibition is usually a rapid process that is dose/
concentration dependent. Addition of an enzyme inhibitor 
may cause a very rapid rise in serum concentrations of the 
target drug, potentially leading to acute toxicity (18).

In contrast to enzyme induction, inhibition of 
selected CYP and/or UGT enzymes can be caused by 
several AEDs of both the older and newer generations. 
These combinations may result in unexpectedly high 
serum concentrations of the affected AED. An exam-
ple is the interaction of valproic acid and lamotrigine. 
Lamotrigine’s half-life is increased to approximately 
59–70 hours when it is coadministered with valproate, 
resulting from valproate’s inhibition of glucuronidation. 
Inhibition of lamotrigine clearance can occur at val-
proate doses as low as 125–250 mg/day and becomes 
maximal at dosages approaching 500 mg/day (28). The 
clinical implication is that lamotrigine dose and dose 
escalation will need to be substantially reduced in order 
to reduce the potential for adverse effects (including 
perhaps severe rash).

Topiramate may decrease the clearance of phenyt-
oin, suggesting inhibition of CYP2C19. Topiramate has 
been shown to increase phenytoin serum concentration 
in some patients. While this interaction is not clinically 
meaningful in most patients, given the non-linear phar-
macokinetics of phenytoin, the potential does exist for 
this interaction to result in phenytoin intoxication.

A significant advancement of oxcarbazepine over 
carbamazepine is its lack of susceptibility to inhibitory 
interactions. Consistent with its differing metabolism (as 
compared to carbamazepine), oxcarbazepine’s pharmaco-
kinetics are not altered by erythromycin. Oxcarbazepine 
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TABLE 39-2
Interactions Between AEDs and Non-AED Medications

 NON-AED MEDICATION

TYPE DRUG AED INTERACTION

Adrenergic blockers 

Analgesics

Antiarrythmics

Anticoagulants

Antidepressants

Antidiabetic agents 

Antimicrobial agents

Antifungal

Alprenolol

Metoprolol
Propranolol
Acetaminophen

Narcotics

Propoxyphene

Salicylates

Disopyramide

Mexiletine

Quinidine

Warfarin

Tricyclics

Tolazamide 

Tolbutamide 
Acetohexamide
Glibenclamide

Ciprofloxacin

Erythromycin 

Fluconazole

PB

CBZ, LTG, PB, PHT 

CBZ, PB, PHT 

CBZ

PHT, VPA 

PB, PHT 

CBZ, PB, PHT 

PB, PHT 

CBZ, PB, PHT 

CBZ, PB 

CBZ, PB, PHT 

PHT

CBZ, BZD, VPA 

PHT

PB increases metabolism; dosage of adrenergic 
 blockers may need to be increased.

Patients on enzyme inducers such as CBZ, 
 PHT, and PB may be at greater risk of 
 hepatotoxicity following acetaminophen 
 overdose. Acetaminophen appears to slightly 
 increase the elimination of LTG.

Enzyme inducers (CBZ, PHT, PB) increase the 
 toxicity and decrease the efficacy of 
 meperidine by increasing the conversation to 
 normeperidine.

Propoxyphene inhibits CBZ elimination and 
 may lead to CBZ toxicity. Propoxyphene 
 should be avoided if possible.

High-dose salicylates displace PHT and VPA 
 from protein-binding sites and may decrease 
 VPA elimination.

PB and PHT may increase hepatic metabolism 
 of disopyramide and require dosage 
 adjustments.

Enzyme inducers can substantially decrease 
 mexiletine serum concentrations.

Enzyme inducers decrease serum 
 concentrations of quinidine.

Inducers increase warfarin metabolism and 
 decrease hypoprothrombinemic effect.

Induction of tricyclic metabolism. Dosage may 
 require adjustment.

Enzyme inducers increase elimination and 
 decrease hypoglycemic effects.

Ciprofloxacin increases serum PHT 
 concentrations, probably by decreasing 
 phenytoin elimination.

Erythromycin decreases biotransformation and 
 can markedly increase serum concentrations.

Fluconazole decreases biotransformation of 
 PHT and can result in marked increase in 
 serum concentrations.
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is a weak inhibitor of CYP2C19, however, and, like 
topiramate, it may increase the plasma concentrations 
of phenytoin (1).

Because of their primarily renal clearance, and 
absence of substantial hepatic metabolism, levetiracetam, 
gabapentin, and pregabalin are not subject to inhibition. 
In addition, none of these drugs appears to cause inhibi-
tion of metabolism of any other medication.

Interactions Between AEDs and 
Other Medications

Traditionally, most attention regarding AED pharma-
cokinetic interactions has been directed toward inter-
actions between various combinations of AEDs. It is 
important for the clinician to recognize the potential 
impact that AEDs may have on concomitant medications 
that a patient receive. For example, many psychotropic 

TABLE 39-2
(Continued)

 NON-AED MEDICATION

TYPE DRUG AED INTERACTION

Antineoplastics

Antituberculous
 agents

Carbonic anhydrase
inhibitors

Corticosteroids

Miscellaneous

Selective serotonin 
 reuptake inhibitors

Isoniazid

Rifampin

Acetazolamide

Dichlorphenamide
Methazolamide

Dexamethasone

Hydrocortisone

Methylprednisolone

Prednisone

Cimetidine

Clozapine

Enteral feedings 

Nafimidone

Ritonavir

Fluoxetine

PHT

CBZ, PHT, VPA 

BZD, PHT, VPA 

TPM

CBZ, PB, PHT 

CBZ, PHT, BZD, ESM

CBZ

PHT

CBZ, PHT 

BDZ, ESM 

CBZ

Cytotoxic agents appear to decrease oral
 absorption of PHT with marked reductions in
 serum PHT concentrations.

Isoniazid decreases CBZ, PHT, and VPA 
 elimination and may lead to toxicity.

Rifampin increases elimination; dosage 
 adjustments may be necessary.

Concomitant use may lead to increased risk of 
 nephrolithiasis.

Enzyme inducers increase metabolism of 
 steroids and decrease efficacy. Decreased 
 PHT absorption and subsequent decrease in 
 serum concentrations.

Cimetidine decreases biotransformation of CBZ
 and PHT and may lead to toxicity.

May result in increased risk of bone marrow 
 suppression.

Decreased PHT absorption and marked 
 decreased in serum concentration.

May result in CBZ toxicity. 

Ritonavir decreases biotransformation of BDZ 
 and ESM and may lead to toxicity.

Fluoxetine has been reported to result in CBZ 
 toxicity by inhibiting CYP3A3/4.

BDZ 	 benzodiazepines; CBZ 	 carbamazepine; LTG 	 lamotrigine; PB 	 phenobarbital; PHT 	 phenytoin; PRM 	 primidone; 
VPA 	 valproic acid; ESM 	 ethosuximide; TPM 	 topiramate; MSM 	 methsuximide. 

Source: McInnes and Brodie 1988 (39).
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agents, including tricyclic antidepressants, selective 
serotonin reuptake inhibitors (SSRIs), and antipsychotic 
drugs are extensively metabolized by one or more of 
the CYP isozymes (29). This would imply that higher 
than expected doses of these drugs may be required in 
patients receiving enzyme-inducing AEDs such as phe-
nytoin or carbamazepine. Conversely, enzyme-inhibiting 
drugs such as valproate may inhibit the clearance of 
certain psychotropic drugs such as amitriptyline, nor-
triptyline, or paroxetine (1, 2).

For example, AEDs such as carbamazepine and 
phenytoin have been reported to increase the clearance, 
and consequently markedly lower the serum concentra-
tion, of a number of antipsychotic medications includ-
ing haloperidol, chlorpromazine, clozapine, risperidone, 
ziprazidone, and olanzapine (2, 30). Valproate appears 
to have minimal pharmacokinetic interactions impact on 
these drugs (31, 32).

Antipsychotic drugs are less likely to cause phar-
macokinetic interactions with AEDs, although both 
chlorpromazine and thioridazine have been reported to 
result in increases in phenytoin serum concentrations. 
Risperidone has been noted to result in modest decreases 
in carbamazepine concentrations (33).

Many commonly used antidepressant agents such 
as tricyclics and SSRIs are also metabolized via the CYP 
system. Consequently, it would be expected that drugs 
such as amitriptyline, nortriptyline, imipramine, desip-
ramine, clomipramine, protriptyline, doxepin, sertraline, 
paroxetine, mianserin, citalopram, and nefazodone may 
display reduced serum concentrations in patients receiv-
ing enzyme-inducing AEDs (1, 2, 34, 35). Conversely, 
comedication with the enzyme inhibitor valproate may 
cause substantial (50–60%) increases in serum concentra-
tions of drugs such as amitriptyline and nortriptyline.

AED-antidepressant interactions may be bidirec-
tional, and the clinician should recognize that treatment 

with certain drugs may result in increased serum con-
centrations of AEDs, particularly the older, extensively 
metabolized agents. For example, there are data that 
suggest that SSRIs such as fluoxetine and sertraline can 
result in increased phenytoin and carbamazepine serum 
concentrations.

Examples of other classes of drugs that are exten-
sively metabolized and therefore may be influenced by 
enzyme-inducing AEDs include stimulants (i.e., methyl-
phenidate), antineoplastics, immunosuppressants, beta 
receptor antagonists, oral contraceptives, and many anti-
viral agents such as indinavir, retonavir, and saqquinavir 
(1, 2, 36–38). Table 39-2 provides a representative list of 
potential AED–non-AED interactions (39).

SUMMARY

Polypharmacy with multiple concomitant medications is 
common in patients of all ages who suffer from epilepsy. 
Clinicians should be aware that many of the older, tra-
ditional AEDs such as carbamazepine, phenytoin and 
the barbiturates have been consistently associated with 
pharmacokinetic interactions, both with other AEDs, as 
well as many commonly used medications. In many cases, 
these interactions may go unrecognized, as routine serum 
concentration monitoring is not available, or practical in 
all situations. It would seem prudent therefore for clini-
cians to monitor clinical response to concomitant medi-
cations, and consider potential drug interactions, should 
sub-optimal patient response (including the appearance 
of adverse effects) be noted. 

Alternatively, clinicians may want to consider using 
appropriate newer generation AEDs such as that do not 
seem to interfere, either with drug metabolism, or oral 
absorption/transport, and thereby avoid these potentially 
problematic interactions.
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ACTH and Steroids

he efficacy of adrenocorticotropin 
(ACTH) therapy in childhood sei-
zures was first observed by Klein 
and Livingston in 1950 in a series of 

children with atypical absence seizures (1). In 1958, Sorel 
and Dusaucy-Bauloye reported that ACTH was effective 
in children with infantile spasms (IS). These authors not 
only reported seizure control in children with IS treated 
with ACTH but also observed improvements in behav-
ior and electroencephalogram (EEG) (2). Subsequently, 
a number of studies appeared that reported on the effi-
cacy of corticosteroids in IS and confirmed the utility 
of ACTH in the treatment of this disorder. Both ACTH 
and corticosteroids have been used in treating a number 
of epilepsy syndromes, including Ohtahara syndrome, 
Lennox-Gastaut syndrome and other myoclonic epilep-
sies, and Landau-Kleffner syndrome (3). The epilepsy 
syndromes that respond uniquely to ACTH and cortico-
steroid therapy have an age-related onset during a critical 
period of brain development, as well as a characteristic 
regression or plateau of acquired milestones at seizure 
onset, and long-term cognitive impairment (4). In addi-
tion to beneficial effects on the convulsive state, there are 
some data to suggest that ACTH, corticosteroids, or both 
also can improve the short-term developmental trajectory 
and the long-term prognosis for language and cognitive 
development in at least some of these patients (5–9).

Rajesh RamachandranNair
O. Carter Snead, III

In this review, we will first discuss the evidence in 
support of the use of steroids in IS. This will be fol-
lowed by a review of possible mechanisms of the puta-
tive anticonvulsant effects of ACTH and corticosteroids. 
This will be followed by a discussion of the use of these 
compounds in epilepsy syndromes other than IS. Finally, 
we will review the therapeutic potential of neuroactive 
steroids in epilepsy.

INFANTILE SPASMS

In 1841, William West, an English physician, provided the 
first description of IS in his own 4-month old son (10). 
Later, the association of IS with the sequelae of severe 
mental deficiency emerged. In 1952, Gibbs and Gibbs 
first described the interictal EEG pattern associated with 
infantile spasms and termed it hypsarrhythmia. This pat-
tern was unique and described as showing high-voltage, 
chaotic slowing with multifocal spikes, and marked asyn-
chrony (11). Over the years, the triad of infantile spasms, 
hypsarrhythmia, and mental retardation became known 
as West syndrome (12).

After 1958, studies began to appear in the literature 
reporting the effectiveness of corticosteroids in the treat-
ment of this disorder (12). There is a marked variability 
of response rates to these therapeutic agents that probably 
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is related to the small cohorts reported and the paucity of 
controlled treatment data. Another confound is that the 
natural history of IS is poorly understood, particularly 
the phenomenon of spontaneous remission. Moreover, 
the literature is replete with marked variations in the 
dosage of ACTH and/or corticosteroids given, and in 
treatment duration, of both drugs. In most studies, an 
objective method of documenting spasm cessation has not 
been used and response to therapy has been defined in a 
graded manner, although there is no convincing evidence 
that spasms respond in a graded fashion to any form 
of therapy. Usually IS respond in an all-or-none fashion 
to treatment with ACTH and/or corticosteroids. Finally, 
most studies have been uncontrolled, unblinded, and ret-
rospective, complicating the establishment of evidence-
based recommendations for optimal treatment (12).

The controversies surrounding the treatment of IS 
outnumber the areas of agreement and encompass the 
following questions: Which is the most effective therapy: 
ACTH or corticosteroid? Are other anticonvulsants such 
as vigabatrin, valproic acid, benzodiazepines, topira-
mate, zonisamide, or pyridoxine effective against infan-
tile spasms? Is there some other treatment regimen with 
newer antiepileptic drugs that is effective against infantile 
spasms? What is the impact of treatment with ACTH 
compared with corticosteroids on long-term outcome 
in recurrence of spasms, evolution into other forms of 
intractable epilepsy, and cognitive or behavioral func-
tion? Does treatment change the outcome for a patient 
with preexisting mental retardation and a structurally 
abnormal brain? What is the optimal dosage of these 
drugs, and how long should treatment last? Does the 
ultimate outcome depend on timing of treatment? Does 
the efficacy of ACTH depend on the formulation (natural 
vs. synthetic, sustained vs. short-acting)?

Some of these questions were addressed in a recently 
published American Academy of Neurology (AAN)/Child 
Neurology Society (CNS) Practice Parameter on the treat-
ment of infantile spasms (13). In the following few para-
graphs we will discuss the key issues addressed by this 
practice parameter. Important studies published subse-
quent to the practice parameter also will be discussed in 
the relevant sections.

Summary of the AAN/CNS Practice Parameter 
on the Treatment of Infantile Spasms

Three major questions were addressed in the practice 
parameter.

 1. What are the most effective therapies for infantile 
spasms, as determined by short-term outcome mea-
sures, including complete cessation of spasms, reso-
lution of hypsarrhythmia, and likelihood of relapse 
following initial response?

 2. How safe are currently used treatments?
 3. Does successful treatment of infantile spasms lead 

to long-term improvement of neurodevelopmental 
outcome or a decreased incidence of epilepsy?

Articles included for critical analysis pursuant to answer-
ing these questions and formulating treatment recommen-
dations for infantile spasms had the following inclusion 
criteria (14–27):

 1. A clearly stated diagnosis of infantile spasms
 2. An EEG demonstrating hypsarrhythmia or modified 

hypsarrhythmia
 3. Age of 1 month to 3 years.

Infantile spasms were classified as either symptomatic 
or cryptogenic as defined by the International League 
Against Epilepsy (ILAE).

Outcome measures included short- and long-term 
measures. Short-term outcome measures were defined as 
the following:

 1. Complete cessation of spasms
 2. Resolution of hypsarrhythmia and, where docu-

mented, normalization of EEG
 3. Relapse rate

In studies with a mean follow-up of �2 years, the follow-
ing were considered long-term outcome measures:

 1. Nonepileptiform EEG
 2. Absence of seizures
 3. Normal development

A four tiered classification scheme for diagnostic evidence 
approved by the Quality Standards Subcommittee was 
utilized as part of the assessment. This schema is outlined 
in Table 40-1. Depending on the strength of the evidence 
under this classification system, specific recommenda-
tions were made. The strength of these recommendations 
is shown in Table 40-2.

Based on this critical analysis it was concluded in 
the practice parameter that ACTH was probably effective 
in the short-term treatment of IS and in the resolution of 
hypsarrhythmia (level B). Time to response was usually 
within 2 weeks, and an “all-or-none” response had been 
reported in a number of studies. The data were insuf-
ficient to recommend optimal dosage and duration of 
treatment with ACTH for the treatment of IS (level U). As 
well, data also were insufficient to recommend treatment 
of IS with oral corticosteroids (level U). ACTH was more 
effective than oral corticosteroids in causing the cessation 
of seizures. Side effects reported for ACTH were common 
and included hypertension, irritability, infection, revers-
ible cerebral shrinkage, and, rarely, death due to sepsis.
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Although vigabatrin (VGB) is not a steroid, its use 
in infantile spasms is relevant to this review because ste-
roids and vigabatrin are generally considered to be the 
only two groups of drugs that work in this disorder—an 
impression borne out by the Practice Parameter (13). In 
the analysis that led to the AAN/CNS practice parameter, 
the evidence for the therapeutic efficacy of vigabatrin in 
IS was weaker than that for ACTH (level C for vigabatrin 
vs. level B for ACTH). Hence, vigabatrin was found to be 
possibly effective for the short-term treatment of IS.

As for the efficacy of ACTH in improving the long-
term outcomes in terms of seizure freedom and normal 
development of children with IS, the data were insuf-
ficient (28–31) in that regard (Level U, class III and IV 
evidence). Similarly, there was insufficient evidence to 
support the thesis that early initiation of treatment with 
ACTH improves the long-term outcome of children with 
IS (Level U, class III and IV evidence).

More recently, the United Kingdom Infantile Spasms 
Study (32) assessed comparative efficacy of vigabatrin 
and hormonal treatment of IS in a randomized controlled 
trial. The primary outcome was cessation of spasms on 
days 13 and 14. Minimum doses were VGB 100 mg/kg 
per day, oral prednisolone 40 mg per day, or intramuscu-
lar tetracosactide depot 0.5 mg (40 IU) on alternate days. 
Of 208 infants screened and assessed, 107 were randomly 
assigned to VGB (n 	 52) or hormonal treatments (pred-
nisolone n 	 30, tetracosactide n 	 25). Patients with 
no spasms on days 13 and 14 consisted of: 40 (73%) of 
55 infants assigned hormonal treatments (prednisolone 
21/30 [70%], tetracosactide 19/25 [76%]) and 28 (54%) 
of 52 infants assigned VGB (difference 19%, CI 1–36%, 
P 	 0.043). Adverse events were reported in 30 (55%) 
of 55 infants on hormonal treatments and 28 (54%) of 
52 infants on VGB. This study concluded that cessation 

TABLE 40-1
American Academy of Neurology Evidence 

Classification Scheme for a Therapeutic Article

Class I  Evidence provided by a prospective,
  randomized, controlled clinical trial 
  with masked outcome assessment, in 
  a representative population. The 
  following are required: (a) Primary 
  outcome(s) is/are clearly defined; (b) 
  exclusion/inclusion criteria are clearly 
  defined; (c) dropouts and crossovers 
  are accounted for adequately with 
  numbers sufficiently low to have 
  minimal potential for bias; and (d) 
  relevant baseline characteristics are 
  presented and substantially 
  equivalent among treatment groups, 
  or there is appropriate statistical 
  adjustment for differences.

Class II  Evidence provided by a prospective 
  matched-group cohort study in a 
  representative population with 
  masked outcome assessment that 
  meets (a)–(d) as defined for Class I 
  or a randomized controlled trial in a 
  representative population that lacks 
  one criterion of (a)–(d).

Class III  All other controlled trials (including 
  well-defined natural history controls 
  or patients serving as own controls) 
  in a representative population, where 
  outcome assessment is independent 
  of patients’ treatment.

Class IV  Evidence from uncontrolled studies, 
  case series, case reports, or expert 
  opinion.

TABLE 40-2
American Academy of Neurology System for Translation of Evidence to Recommendations

TRANSLATION OF EVIDENCE TO RECOMMENDATIONS RATING OF RECOMMENDATION

Level A rating requires at least one convincing class I
 study or at least two consistent, convincing class II
 studies.

Level B rating requires at least one convincing class II
 study or at least three consistent class III studies.

Level C rating requires at least two convincing and 
 consistent class III studies.

A 	 established as effective, ineffective, or harmful for the 
 given condition in the specified population.

B 	 probably effective, ineffective, or harmful (or probably 
 useful/predictive or not useful/predictive) for the given 
 condition in the specified population.

C 	 possibly effective, ineffective, or harmful (or possibly 
 useful/predictive or not useful/ predictive) for the given 
 condition in the specified population.

U 	 data inadequate or conflicting. Given current knowledge,
 treatment is unproven.
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of spasms was more likely in infants given hormonal 
treatments than in those given VGB.

Infants enrolled in the United Kingdom Infantile 
Spasms Study were followed up until clinical assessment 
at 12–14 months of age (33). Neurodevelopment was 
assessed with the Vineland Adaptive Behavior Scales 
(VABS) at 14 months of age. Of 107 infants enrolled, 
five died, and 101 survivors reached both follow-up 
assessments. Absence of spasms at final clinical assess-
ment (hormone 41/55 [75%] vs. vigabatrin 39/51 [76%]) 
was similar in each treatment group. Mean VABS score 
did not differ significantly (hormone 78.6 vs. vigabatrin 
77.5). In infants with no identified underlying etiology, 
the mean VABS score was higher in those allocated hor-
mone treatment than in those allocated vigabatrin (88.2 
vs. 78.9; difference 9.3, 95% CI 1.2–17.3). This study 
reported that better initial control of spasms by hormone 
treatment in those with no identified underlying etiology 
might lead to improved developmental outcome.

Kivity and coworkers assessed the long-term cogni-
tive and seizure outcomes of 37 patients with cryptogenic 
infantile spasms (onset, age 3 to 9 months) receiving a 
standardized treatment regimen of high-dose tetracos-
actide depot, 1 mg intramuscularly (IM) every 48 hours 
for 2 weeks, with a subsequent 8- to 10-week slow taper 
and followed by oral prednisone, 10 mg/day for a month, 
with a subsequent slow taper for 5 months or until the 
infant reached the age of 1 year, whichever came later (8). 
Cognitive outcomes were determined after 6 to 21 years 
and analyzed in relation to treatment lag and pretreat-
ment regression. Normal cognitive outcome was found 
in all 22 (100%) patients of the early-treatment group 
(within 1 month), and in 40% of the late-treatment group 
(1–6.5 months). Normal cognitive outcome was found in 

all 25 (100%) patients who had no or only mild mental 
deterioration at presentation, including four in the late-
treatment group but in only three of the 12 patients who 
had had marked or severe deterioration before treatment. 
This study indicated that early treatment of cryptogenic 
infantile spasms with a high-dose ACTH protocol was 
associated with favorable long-term cognitive outcomes. 
Once major developmental regression lasted for a month 
or more, the prognosis for normal cognitive outcome 
was poor.

Practical Considerations Regarding Dosage

Table 40-3 lists the currently available formulations of 
ACTH. The biologic activity, expressed in international 
units (IU), permits a comparison of potency in terms of 
the relative ability of the peptide to stimulate the adrenals, 
but may not necessarily reflect the ability of the ACTH 
preparation to affect brain function. The biologic activity 
of natural ACTH in the brain may differ from that of syn-
thetic ACTH as a result of ACTH fragments and possibly 
other pituitary hormones with neurobiologic activity in 
the brain that are present in the pituitary extracts (5). 
These compounds could enhance the therapeutic efficacy 
of natural ACTH (34). Any differences in the biologic 
effects of sustained ACTH levels provided by the depot 
formulations, as opposed to those of the short-acting 
preparations, are unknown. Given in high doses, how-
ever, long-acting depot preparations are associated with 
an increased incidence of severe side effects, including 
death from overwhelming infection.

The most effective dose of ACTH for remission 
of spasms is controversial. Notably, in comparison to 
prednisone, no major advantage was demonstrated by 

TABLE 40-3
Available Preparations of ACTH 

Corticotropin (ACTH 1-39): porcine pituitary extract 
  (short-acting)
 Acthar gel 80 IU/mL 100 IU* 	 0.72 mg 
 Acthar lyophylized powder 100 IU* 	 0.72 mg 

Cosyntropin/Tetracosactrin (ACTH 1-24): synthetic  
  (short-acting) 
 Cortrosyn 100 IU* 	 1.0 mg

Cosyntropin/Tetracosactrin (ACTH 1-24): synthetic 
  (long-acting)
 Synacthen depot (CIBA) 100 IU* 	 2.5 mg 
 Cortrosyn-Z (Organon) 100 I U* 	 2.5 mg 

*Commercial preparations are described in International Units (IU) based on a potency assay 
in hypophysectomized rats in which depletion of adrenal ascorbic acid is measured after subcuta-
neous ACTH injection.
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low-dose ACTH, whereas high-dose ACTH was reported 
to be superior (15, 25). High-dose ACTH (60 IU/day 
or 150 IU/m2 per day) has been associated with excel-
lent short-term response rates (87–93%) in prospective 
studies (14, 25). However; in the only randomized, pro-
spective comparison of ACTH, Hrachovy and coworkers 
found no difference between high dose and low dose (16). 
A prospective study of synthetic ACTH by Yanagaki and 
coworkers compared very low-dose ACTH (0.2 IU/kg per 
day) to low-dose (1 IU/kg per day) and found equivalent 
efficacy, with response and relapse rates comparable to 
other studies (18). Heiskala et al. described a protocol 
that utilized a stepwise increase in dosage, demonstrat-
ing that some patients can be controlled on lower doses 
of carboxymethylcellulose ACTH (3 IU/kg per day) but 
others required high doses (12 IU/kg per day). Overall, 
spasms were controlled initially in 65% of patients, but 
the rate of relapse was high (35).

Some evidence supports a beneficial effect of high-
dose ACTH over low-dose ACTH or oral steroids in 
cognitive outcome. Glaze and coworkers found no dif-
ference between low-dose ACTH (20 to 30 IU/day) and 
prednisone (2 mg/kg per day) with regard to the cognitive 
outcome (31). However, in a comparison of high-dose 
ACTH (110 IU/m2 per day) and steroids, however, Lom-
broso showed a higher rate of normal cognitive outcome 
in cryptogenic patients treated with ACTH than in those 
treated with prednisone alone (55% vs. 17%) (5). Ito and 
coworkers also showed a positive correlation between 
dose and developmental outcome comparing different 
ACTH dosage regimens retrospectively (36).

The optimal ACTH dose may lie between 85 and 
250 IU/m2 per day. Doses of 400 IU/m2 per day or higher 
are contraindicated because of a high incidence of life-
threatening side effects. The optimal dose of ACTH 
required to enhance short-term response and long-term 
cognitive outcome is unknown; however, relatively high 
doses given early in the disease, accompanied by a second 
course in the event of relapse, appear warranted. The 
following high-dose ACTH protocol (21, 25) has been 
used successfully by us in treating more than 700 children 
with infantile spasms.

The child is admitted to a day-care unit to initiate 
ACTH therapy and to teach parents to give the injection, 
measure urine glucose three times daily with Chemstix, 
and recognize spasms to keep an accurate seizure calen-
dar. Any diagnostic workup indicated by clinical circum-
stances is also performed, including screening for occult 
congenital infections. Before ACTH is started, an endo-
crine profile, complete blood count, urinalysis, electrolyte 
panel, baseline renal function, and calcium, phosphorus, 
and serum glucose levels are obtained. Blood pressure and 
electrocardiogram are also assessed. The drug is not given 
if any of these studies show abnormal results. Diagnostic 
neuroimaging is indicated before initiation of ACTH or 

steroids because of the association of ACTH treatment 
with ventriculomegaly. The initial dose of ACTH is 150 IU/
m2/day of ACTH gel, 80 IU/mL, intramuscularly in two 
divided doses for 1 week. In the second week, 75 IU/m2

per day is given, followed by 75 IU/m2 every other day 
in the third week. Over the next 6 weeks, the dose is 
gradually tapered. The lot number of the ACTH gel is 
carefully recorded. Usually, a response is seen within the 
first 7 days; if no response is noted in 2 weeks, the lot 
is changed.

Blood pressure must be measured daily at home 
during the first week and three times weekly thereafter. 
Control of hypertension is attempted with salt restriction 
and amlodipine therapy rather than discontinuation of 
ACTH. The patient is monitored in the outpatient clinic 
weekly for the first month and then biweekly, with appro-
priate blood work at each visit. Waking and sleeping EEG 
patterns are obtained 1, 2, and 4 weeks after the start 
of ACTH to assess treatment response. As the treatment 
response is usually all or none, positive results are sug-
gested when properly trained parents report no seizures 
in a child, whose waking and sleeping EEG patterns are 
normal. If relapse occurs, the dose may be increased to the 
previously effective dose for 2 weeks and another tapering 
begun. If seizures continue, the dose may be increased to 
150 IU/m2 per day and the regimen restarted.

If prednisone is chosen because of its oral formu-
lation and lower incidence of serious side effects, the 
pretreatment laboratory evaluation described earlier is 
performed. The initial dose is 3 mg/kg per day in four 
divided doses for 2 weeks, followed by a 10-week taper 
(25). A multiple-daily-dose regimen is recommended to 
produce the sustained elevations of plasma cortisol dem-
onstrated in high-dose ACTH therapy.

Adverse Effects of ACTH and Steroids

ACTH and steroids, particularly at the high doses recom-
mended for infantile spasms, can produce dangerous side 
effects. These are more frequent and more pronounced 
with ACTH (37). Cushingoid features and extreme irri-
tability are seen frequently; hypertension is less common 
but appears to be associated with higher doses. Vigilance 
is required for signs of sepsis; pneumonia; glucosuria; 
metabolic abnormalities involving the electrolytes cal-
cium and phosphorus (38–40); and congestive heart 
failure (41, 42). Cerebral ventriculomegaly, which is 
not always reversible, can lead to subdural hematoma 
(43, 44). The cause of the apparent cerebral atrophy is 
obscure, but its existence emphasizes the importance of 
diagnostic neuroimaging before initiation of ACTH.

Because hypothalamic-pituitary or adrenocortical 
dysfunction can result from ACTH therapy, morning lev-
els of cortisol should be monitored during a taper and any 
medical stress treated with high-dose steroids (45–47). 
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Treatment with ACTH or steroids also can be immu-
nosuppressant and associated with infectious complica-
tions, such as overwhelming sepsis, perhaps as a result 
of impaired function of polymorphonuclear leukocytes 
(48). Both agents are therefore contraindicated in the face 
of serious bacterial or viral infection such as varicella 
or cytomegalovirus. Because of the potential for fatal 
Pneumocystis pneumonia as an infectious complication 
of ACTH therapy, prophylaxis with trimethoprim-
sulfamethoxazole, accompanied by folate supplementa-
tion and frequent blood counts, may be prudent in infants 
older than 2 months of age. In rare cases, ACTH can 
exacerbate seizures (49).

Potential Mechanisms of Action of ACTH in 
Infantile Spasms

ACTH is a 39-amino-acid peptide hormone produced, 
through post-translational modification of the larger 
peptide pro-opiomelanocortin (POMC), in the anterior 
pituitary. POMC expression, processing to ACTH, and 
ACTH secretion are stimulated by corticotropin-releasing 
factor (CRF) generated in the hypothalamus, and these 
processes are under negative feedback control by gluco-
corticoids (50). ACTH secretion is pulsatile and normally 
has a pronounced diurnal variation, but secretion also 
increases substantially in response to a range of stressors. 
The effects of ACTH are mediated via stimulation of the 
G-coupled cell surface ACTH receptor, which is expressed 
primarily on adrenocortical cells. This receptor is a mem-
ber of the melanocortin family and is alternatively known 
as the melanocortin-2 (MC-2) receptor. ACTH acutely 
stimulates the synthesis of cortisol in the adrenal gland. 
ACTH also increases the long-term capacity of the adre-
nal gland to generate cortisol by inducing a range of ste-
roidogenic enzymes and hypertrophy of the cortex (51). 
ACTH additionally has the capacity to cross-react with 
other melanocortin receptors (52).

The pathogenesis of infantile spasms, and therefore 
the mechanism of action of ACTH and steroids in this 
condition, are unknown, principally because there is no 
available animal model for this disorder. Infantile spasms 
occur within a narrow developmental window in terms of 
age of onset and can be found concurrently with a variety 
of congenital abnormalities of brain, which may be caus-
ally linked—so-called symptomatic spasms. However, IS 
also may occur without apparent cause in children with 
no pre-existing neurologic abnormality at the onset of 
spasms (i.e., idiopathic spasms). Those children who are 
not neurologically normal when the spasms appear, yet 
have no demonstrable imaging or metabolic abnormality, 
are said to have cryptogenic spasms.

The effect of ACTH and corticosteroids in infan-
tile spasms is frequently all or none, and the steroid-
induced seizure-free state is often sustainable even after 

drug withdrawal. These observations support the theory 
that due to various etiologies, a significant stress response 
is experienced by the developing brain; resulting in this 
age-dependent epileptic encephalopathy. Within this very 
narrow developmental window, ACTH and steroids may 
be able to reset the deranged homeostatic mechanisms of 
the brain, thereby reducing the convulsive tendency and 
improving the developmental trajectory.

The Brain-Adrenal Axis There is evidence to suggest 
that the effects of ACTH in infantile spasms may be 
independent of steroidogenesis. Efficacy studies have 
demonstrated superiority of ACTH to corticosteroids in 
treating infantile spasms and also its efficacy in adrenal-
suppressed patients. Substantial physiologic and phar-
macologic data indicate that ACTH has direct effects 
on brain function: increasing dendritic sprouting in 
immature animals; stimulation of myelination; regula-
tion of the synthesis, release, uptake, and metabolism 
of dopamine, norepinephrine, acetylcholine, serotonin, 
and gamma-aminobutyric acid (GABA); regulation of 
the binding to glutamatergic, serotoninergic, muscarinic 
type 1, opiate, and dopaminergic receptors; and altera-
tion of neuronal membrane lipid fluidity, permeability, 
and signal transduction (53–57). Though activation of 
glucocorticoid receptors has little direct anticonvulsant 
effect, it modulates the expression and release of a num-
ber of neurotransmitters and neuromodulators, including 
the proconvulsant neuropeptide corticotropin-releasing 
hormone (CRH). High brain CRH levels would be pre-
dicted to reduce the cerebrospinal fluid ACTH and ste-
roids (58). Many authors have reported reduced levels 
of ACTH in patients with infantile spasms, compared 
to their age-matched controls (59, 60). In infant animal 
models CRH causes seizures and death of neurons (61). 
These effects of CRH are most marked in developing 
brain (62). Suppression of the after-hyperpolarization 
and activation of the glutamatergic neurotransmission 
are the possible mechanisms by which CRH may mediate 
these effects. In animals, ACTH appears to down-regulate 
the CRH expression in amygdala. This effect was found 
to be independent of glucocorticoid receptor activation 
but required melanocortin receptors (63). ACTH reduces 
CRH gene expression in specific brain regions. This effect 
has been demonstrated in the absence of adrenal steroids 
and resides within the 4-10 fragment of ACTH, a frag-
ment that does not release adrenal steroids. Melanocor-
tin receptor antagonists blocked this effect, suggesting 
that the melanocortin receptors are the targets of ACTH 
action (63).

A hypothesis, therefore, can be generated in which a 
stress response results in enhanced CRH expression, lead-
ing to neuronal hyperexcitability and seizures. By sup-
pressing CRH expression, possibly through the action of 
peptide fragments of ACTH on melanocortin receptors, 



40 • ACTH AND STEROIDS 551

the CRF-induced hyperexcitability may be reduced, hence 
ameliorating infantile spasms. Clinical trials of ACTH 
fragments that have no activity on the adrenal axis have 
been disappointing (64); however, these clinical trials 
have utilized the 4-9 peptide fragment rather than the 
4-10 peptide fragment studied in animal models. 
The events that precipitate this proposed endocrine 
abnormality remain unclear.

THE USE OF ACTH AND CORTICOSTEROIDS 
IN OTHER SEIZURE DISORDERS

There is limited information concerning treatment of 
other intractable seizure disorders with ACTH and/or 
steroids. The Ohtahara and Lennox-Gastaut syndromes 
are believed to represent earlier and later manifestations, 
respectively, of a spectrum of infantile epileptic encepha-
lopathies that include infantile spasms. These conditions 
respond poorly to traditional anticonvulsant drug ther-
apies but are sometimes improved by the antiepileptic 
drugs used in infantile spasms: ACTH, steroids, benzodi-
azepines, and valproic acid. ACTH or steroids also may 
be beneficial in Landau-Kleffner syndrome (65).

Ohtahara Syndrome

The Ohtahara syndrome, also known as early infantile 
epileptic encephalopathy (EIEE), is characterized by 
spasms beginning within the first three months of life 
associated with persistent burst suppression on the EEG 
in all stages of the sleep-wake cycle. Despite reports of 
improvement in seizures in Ohtahara syndrome follow-
ing ACTH, vigabatrin, and/or zonisamide therapy, the 
long-term prognosis is usually unchanged by any treat-
ment (66). Mortality in this epilepsy syndrome is high, 
and survivors are usually severely handicapped. If used, 
ACTH should be administered as described for infantile 
spasms.

Lennox-Gastaut Syndrome and Other 
Myoclonic Seizure Disorders

ACTH and steroids have been found to be useful in 
younger children with various combinations of severe 
and intractable seizures, particularly atypical absence, 
myoclonic, tonic, and atonic seizures. This group includes 
patients with Lennox-Gastaut syndrome, a disorder 
characterized by mental retardation, generalized slow 
spike-and-wave discharges, intractable atypical absence, 
myoclonus, and frequent ictal falls. Snead and coworkers 
treated 64 children who had myoclonic seizures without 
EEG evidence of hypsarrhythmia, or other intractable sei-
zures with either prednisone or ACTH. Seventy-three per-
cent of the children treated with ACTH achieved seizure 

control, as opposed to none of the prednisone-treated 
children; however, there was a relapse rate of �50% 
observed on discontinuation of the ACTH (25).

In 45 cases of Lennox-Gastaut syndrome treated 
with ACTH, the immediate and long-term effects and 
the various factors affecting them were investigated by 
a follow-up study (67). Twenty-three (51.1%) of the 45 
children became “seizure free” for over 10 days. Ten 
children relapsed into Lennox syndrome within 6 months, 
and in the remaining 13 children, seizures were sup-
pressed for over 6 months. Of these 13 patients, seizure 
relapse was observed in eight from 9 months to 7 years 
later. The other five children followed a favorable course 
without relapse. Sinclair treated 10 children with Lennox 
Gastaut syndrome and intractable seizures with predniso-
lone at a dose of 1 mg/kg/day for six weeks followed by 
withdrawal over the next 6 weeks, and achieved seizure 
freedom in 7 and seizure reduction in 3 children. Long-
term outcome was not mentioned (68).

In summary, several uncontrolled, retrospective 
studies suggest that ACTH is superior to oral steroids 
in Lennox-Gastaut syndrome. If the decision is made to 
embark upon such treatment for Lennox-Gastaut syn-
drome, the regimen described in this chapter for ACTH 
or prednisone is recommended. Nevertheless, ACTH and 
steroids should be reserved for the most severe and intrac-
table patients. Usually, the best result is temporary relief, 
because 70% to 90% of patients with multiple seizure 
types suffer a relapse during the ACTH taper. As well, 
older patients with Lennox-Gastaut syndrome do not 
tolerate high dose ACTH as well as those children under 
the age of 2 years who are receiving the same regimen 
for infantile spasms.

Uncontrolled trials of steroids or adrenocortico-
tropic hormone also have been reported to reduce seizure 
frequency in severe myoclonic epilepsy of childhood (69), 
but without a favorable impact on the overall outcome. 
Myoclonic astatic epilepsy, first described by Doose, is 
another age-dependent epileptic disorder, characterized 
by the onset of myoclonic and astatic seizures between 7 
months and 6 years of age in a previously normal child, 
associated with generalized discharges on the EEG. This 
disorder is resistant to most conventional antiepileptic 
drugs. Oguni and coworkers retrospectively analyzed 
81 patients with myoclonic-astatic epilepsy of early child-
hood to investigate the most effective treatment. The 
most effective treatments were ketogenic diet, followed 
by ACTH and ethosuximide (70).

Landau-Kleffner Syndrome and 
Related Disorders

Described in 1957, Landau-Kleffner syndrome, also 
known as acquired epileptic aphasia, is characterized 
by regression in receptive and expressive language, 
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associated with epileptic seizures (71). The usual pre-
sentation occurs between the ages of 2 and 8 years. 
Behavioral disturbances are frequent, ranging from 
hyperactivity and aggression to autism and global cog-
nitive deterioration. Some children display sustained 
agnosia and mutism. Others show a waxing and wan-
ing course that parallels the EEG changes. Spontaneous 
resolution also has been reported. The electroencephalo-
gram typically shows 1- to 3-Hz high-amplitude spikes 
and slow waves; these may be unilateral, bilateral, unifo-
cal, or multifocal, but often include the temporal region 
with or without parietal and occipital involvement, and 
are activated during sleep.

Valproate and benzodiazepines may control the 
clinical seizures but have only a partial and transient 
effect on the EEG abnormalities (72). In 1974, McKinney 
and McGreal described the beneficial effect of ACTH 
on the characteristic seizures, language regression, and 
behavioral changes in Landau-Kleffner syndrome (73). 
Since then, although no controlled prospective trials of 
ACTH or steroids have been published, case reports and 
retrospective series have demonstrated improvements in 
seizure control and language in children treated with 
varying ACTH or corticosteroid regimens. Marescaux 
and coworkers reported that corticosteroid treatment 
resulted in improved speech, suppression of seizures, 
and normalization of the EEG in three of three children 
with Landau-Kleffner syndrome (74). Four children with 
Landau-Kleffner syndrome received early and prolonged 
ACTH or corticosteroid therapy, with high initial doses 
(75). In all four cases the EEG promptly became normal, 
with subsequent long-lasting remission of the aphasia 
and improvement of seizure control. Three to six years 
after discontinuation of hormone therapy the children 
were off medication and free from seizures and language 
disability. Sinclair and Snyder treated 10 children who 
had Landau-Kleffner syndrome (8 patients) and continu-
ous spike wave discharge during sleep (2 patients) with 
steroids. Nine children had significant improvement in 
language and behavior (76). Use of ACTH or corticoste-
roids in patients with Landau Kleffner syndrome appears 
justified; however, further study of dose and duration of 
therapy is warranted. If ACTH or corticosteroids are 
chosen to treat LKS, a high-dose regimen, as described 
in this chapter for infantile spasms, is recommended, 
with a longer tapering schedule and concomitant use of 
valproic acid.

Rasmussen Encephalitis

Rasmussen encephalitis is a focal progressive inflamma-
tory condition of the brain, of unclear etiology. Rasmussen 
encephalitis is characterized by malignant, progressive, 
and intractable partial seizures with a high incidence of 
epilepsia partialis continua. Treatments advocated in 

Rasmussen include anticonvulsants, high-dose steroids, 
ACTH, intravenous immunoglobulin G (IV IgG), plas-
mapheresis, antiviral agents, and hemispherectomy (77). 
Dulac, in 1992 (78), reported the results of high-dose 
IV methylprednisolone (400 mg/m2), followed by oral 
prednisone, in seven patients with epilepsia partialis con-
tinua. Six of the seven showed an improvement in seizure 
control, which was variably sustained over a two-year 
follow-up period. Hart (79) reported a benefit of steroids, 
with 10 of 17 patients showing a reduction of 25–75% 
in seizure frequency. Granata and coworkers reported 
positive time-limited responses in 11 of 15 patients with 
Rasmussen encephalitis, using variable combinations of 
corticosteroids, apheresis, and high-dose IV immuno-
globulins (80).

NEUROSTEROIDS

The term neurosteroid was coined by Etienne Baulieu 
(81) and Paul Robel (82) to refer to pregnenolone, 
20-alphaOH-pregnenolone, and progesterone synthesized 
in the brain. A more general definition would include all 
steroids synthesized in the brain. The phrase “neuroac-
tive steroids” refers to steroids that are active on neural 
tissue. Therefore, they may be synthesized endogenously 
in the brain or may be synthesized by classic endocrine 
tissue but act on neural tissues (83).

Anticonvulsant Properties of Neurosteroids

Grosso and coworkers investigated serum allopregnano-
lone levels in 52 children with active epilepsy at pubertal 
Tanner stage I. The interictal serum allopregnanolone 
levels in the epileptic children were not statistically dif-
ferent from those detected in the control group, whereas 
postictal levels were significantly higher than the interictal 
ones. In this subgroup of patients, allopregnanolone levels 
decreased to the basal values within 12 hours of the sei-
zure. Serum allopregnanolone levels may reflect changes 
in neuronal excitability, and allopregnanolone appears 
to be a reliable circulating marker of epileptic seizures. 
It is possible that increased postictal serum levels of allo-
pregnanolone may play a role in modulating neuronal 
excitability and represent an endogenous mechanism of 
seizure control (84).

The brain regulates hormonal secretion and is sen-
sitive to hormonal feedback. This is particularly true of 
certain highly epileptogenic mesial temporal lobe regions, 
such as the amygdala and hippocampus (85). The amyg-
dala, in particular, is linked directly to regions of the 
hypothalamus that are involved in the regulation, pro-
duction, and secretion of ovarian steroids (86). Neurons 
containing corticotropin-releasing factor are particularly 
prominent in the central division of the extended amyg-
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dala (87), which shows structural changes in temporal 
lobe epilepsy (88). Seizures, if occurring in a repetitive 
manner, are stressful events for the organism, which can 
cause lack of inhibitory control in the hypothalamus-
pituitary axis system (89, 90). Thus, hypothalamus-
pituitary axis dysfunction might be induced in epileptic 
disorders independent of the localization of the focus. 
Notably, stress and seizures can alter levels of gonadal, 
adrenal, and neuroactive steroids, which may then influ-
ence subsequent seizure activity (91).

Anovulatory cycles are associated with greater 
seizure frequency (92, 93). This phenomenon may be 
due to high serum estradiol-to-progesterone ratios that 
characterize the inadequate luteal phases of anovula-
tory cycles and to the opposing neuroactive properties 
of these steroids. Both adult animal models of epilepsy 
and clinical evidence suggest that estrogen has excit-
atory and progesterone has inhibitory effects on neuro-
nal excitability and seizures (93). Progesterone protects 
against seizures in animals and in open-label clinical 
trials (94, 95). There is also evidence from the work of 
Lonsdale and Burnham (96) to suggest that an inter-
mediate product of progesterone reduction, 5[alpha]-
dihydroprogesterone, exerts potent antiseizure effects in 
the amygdala kindling model of generalized convulsions 
in female rats. Androgens also have antiseizure effects. 
Aromatization of testosterone produces estradiol, which 
is highly epileptogenic in male rodents (97). Reduction 
produces androstanediol, which has potent GABAergic 
properties and inhibits seizures (98).

Putative Mechanism of Action 
of Neurosteroids

Electrophysiologic and ligand binding experiments 
showed that the steroids alphaxolone, allopregnanolone, 
pregnanolone, allotetrahydrodeoxycorticosterone, and 
tetrahydrodeoxycorticosterone could all interact with the 
GABAA receptor. It is now clear that these neurosteroids 
act as allosteric agonists of the GABAA receptor and act 
to enhance GABAergic inhibition in the brain via a single 
site on the GABAA receptor. Other neurosteroids (e.g., 
pregnenolone sulfate and DHEA sulfate, but not nonsul-
fated steroids), act as noncompetitive antagonists of the 
GABAA receptor. Modulation of neurosteroid action can 
result from regionally specific differences in neurosteoid 
synthesis, as well as from regionally specific differences in 
GABAA receptor subunit composition (99). Further, data 
suggest that the anticonvulsant effects of progesterone 
may involve its metabolism to the neuroactive steroid 
5-alpha-pregnan-3 alpha-ol-20-one (3 alpha, 5 alpha-
THP) and the subsequent actions of this metabolite at 
GABAA receptors (91). Although this activity has been 
attributed to the reduced progesterone metabolite tetrahy-
droprogesterone (THP), also known as allopregnanolone, 

a GABAA receptor-modulating neurosteroid with anti-
convulsant properties, a possible role for progesterone 
receptors also has been raised (100). However, the potent 
antiseizure properties of progesterone do not require 
action at the progesterone receptor and can be blocked 
by preventing reduction of progesterone to its potent 
GABAergic metabolite tetrahydroprogesterone. Reddy 
and coworkers used progesterone receptor knockout mice 
studies to provide strong evidence that the antiseizure 
effects of progesterone result from its conversion to the 
neurosteroid THP and not through the actions of proges-
terone on its receptor (100). The anticonvulsant effects 
of androgens may be mediated, in part, through actions 
of the testosterone metabolite and neuroactive steroid 
5 alpha-androstane-3 alpha,17 alpha-diol (3 alpha-diol) 
at GABAA receptors (91).

Potential for Clinical Use

Since progesterone and 3-reduced pregnane steroids have 
potent anticonvulsant effects, attempts to develop novel 
antiepileptic drugs with neurosteroidal properties seem 
reasonable. In preclinical studies, metabolites of proges-
terone and deoxycorticosterone, as well as the synthetic 
neuroactive steroid ganaxolone, exhibit a broad anticon-
vulsant profile in different animal models (101, 102). 
Ganaxolone is a member of a novel class of neuroactive 
steroids, called epalons, which allosterically modulate 
the GABAA receptor complex. Ganaxolone is chemically 
related to progesterone but is devoid of hormonal activ-
ity. In animal studies, there appears to be no tolerance 
to the anticonvulsant activity of ganaxolone when this 
drug is administered chronically over the course of up 
to 7 days. In humans, ganaxolone showed a promising 
pharmacokinetic profile and was well tolerated in a trial 
with 96 healthy volunteers (103). The steroid proved to 
be well tolerated, and effective in clinical studies with epi-
lepsy patients (104, 105). Kerrigan and associates (105) 
found that ganaxolone reduced the frequency of spasms 
by at least 50% in 33% of 16 children, with medically 
intractable infantile spasms, who completed the study. 
Drug-related adverse events (occurring in 10% of the 
patients) were generally mild and included somnolence, 
diarrhea, nervousness, and vomiting. The tolerability of 
ganaxolone at doses up to 36 mg/kg per day was accept-
able (106). Ganaxolone monotherapy was evaluated in 
a randomized, double-blind, presurgical clinical trial. 
Ganaxolone was administered at a dose of 1,500 mg 
per day on day 1 and 1,875 mg per day on days 2–8. 
The tolerability of ganaxolone was similar to that of 
placebo and the drug showed significant antiepileptic 
activity, which was measured by the duration of treat-
ment before withdrawal from the study (104). However, 
like all GABAergic drugs, ganaxolone has the potential 
to exacerbate absence seizures (107).
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Benzodiazepines

enzodiazepines bind to a site on the 
neuronal GABAA receptor, a ligand-
gated chloride channel, and enhance 
inhibitory neurotransmission. Their 

high lipid solubility results in rapid central nervous sys-
tem (CNS) penetration and they are particularly useful as 
first-line agents in the management of status epilepticus 
and seizures occurring repetitively in clusters. Their effec-
tiveness in the chronic treatment of epilepsy is limited by 
their behavioral effects and their propensity for tolerance 
in patients with intractable epilepsy.

CHEMISTRY, PHARMACOLOGY, AND 
MECHANISM OF ACTION

The base compound is a 5-aryl-1,4-benzodiazepine 
structure composed of three ring systems. Modifica-
tions in the structure of ring system have resulted in 
several compounds with antiepileptic activity but with 
different efficacy and side effect profiles. Benzodiaze-
pines augment inhibitory neurotransmission by enhanc-
ing the activity of GABA at the GABAA receptor (1). 
When GABA binds to the GABAA receptor, it increases 
the opening of the chloride ion channel, which results 
in hyperpolarization of the membrane and reduction in 
neuronal firing (2). Although benzodiazepines bind to 
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the GABAA receptor, they do not activate it directly but 
rather modulate GABA binding and enhance its effect 
by increasing the frequency (not duration) of chloride 
ion channel opening. This increases the inhibitory tone 
at GABA synapses, which limits neuronal firing and in 
turn reduces seizure activity (1). At high concentrations, 
benzodiazepines also influence sodium channel function 
in a similar fashion to phenytoin and carbamazepine 
(3). Thus, benzodiazepines raise the seizure threshold, 
decrease the duration of epileptiform discharges, and 
limit their spread (3).

The action of benzodiazepines on the GABA 
receptor may be influenced both by the maturity of 
the brain and by disease. GABA synapses are present 
before glutamate synapses in early fetal development, 
and it has been suggested that GABA acts as the primary 
excitatory neurotransmitter in the immature brain (4). 
The potassium-chloride transport that removes chlo-
ride ions is not expressed until later in development, 
enabling chloride ions to accumulate intracellularly, 
resulting in GABA synapses that are excitatory (4). 
The exact timing of the switch from GABA excitatory 
action to inhibitory action is not known but is believed 
to occur in utero (4). It has been hypothesized that 
the excitatory action of GABA in early development 
modulates neuronal migration and differentiation, and 
it has been suggested that benzodiazepine use in early 

B
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pregnancy may have detrimental effects on fetal brain 
maturation (4).

ADVERSE EFFECTS

Toxicity

Respiratory and cardiovascular depression are the most 
common adverse effects of benzodiazepines used intrave-
nously. Propylene glycol is a solvent used with intravenous 
diazepam and lorazepam, but not midazolam, and plays a 
major role in the respiratory depression associated with the 
first two drugs (5). Comedication with phenobarbital may 
exacerbate the cardiovascular and respiratory depression. 
Intravenous benzodiazepines may precipitate tonic status 
epilepticus in children with epileptic encephalopathies (6).

Chronic treatment with a benzodiazepine may be 
associated with sedation, fatigue, ataxia, cognitive dys-
function, drooling, and exacerbation of seizures. Abrupt 
discontinuation may lead to withdrawal symptoms. 
Headache and gastrointestinal symptoms can occur but 
are uncommon. Hematologic abnormalities, hepatic dys-
function, and allergic reactions are uncommon.

Tolerance

Although tolerance probably occurs with all antiepi-
leptic drugs (7), it happens more often with benzodi-
azepines. The degree of tolerance in animal models is 
proportional to the agonist efficacy of the benzodiaz-
epine (8). Tolerance to one benzodiazepine does not 
necessarily result in tolerance to the others (9). The 
mechanisms underlying tolerance are not clear but may 
involve down-regulation of GABAA receptors, altered 
postsynaptic sensitivity to GABA, or modification in 
the expression of genes that encode for the various 
GABAA receptor subunits (10).

The incidence of tolerance to the antiepileptic effect 
of benzodiazepines is influenced by the type and severity 
of the epilepsy. Thus, tolerance to clonazepam is observed 
much less often in patients with typical absence seizures 
than in patients with West syndrome or Lennox-Gastaut 
syndrome (11). Similarly, tolerance to clobazam has been 
reported in 18% to 65% of patients in open studies 
(12–14), whereas in children who had been previously 
untreated or who had received only one drug (15), the 
incidence of tolerance to clobazam (8%) was similar to 
tolerance to carbamazepine (4%) and phenytoin (7%).

INDIVIDUAL BENZODIAZEPINES

The use of benzodiazephines in status epilepticus and in 
the prevention of seizures is outlined in Table 41-1 and 
Table 41-2 respectively.

Diazepam

Biotransformation,  Pharmacokinet ics ,  and 
Interactions. Rectal diazepam is absorbed via hemor-
rhoidal veins and then rapidly crosses the blood-brain 
barrier. Therapeutic blood levels are achieved within 
5 minutes and peak levels within 20 minutes (16). Plasma 
concentrations of 500 ng/mL of diazepam, which are 
necessary for acute seizure control, were achieved in 
infants and children within 2–6 minutes following rec-
tal administration of 0.5 to 1 mg/kg (17). Diazepam is 
absorbed more slowly following oral or intramuscular 
administration, and these routes are not recommended. 
Plasma levels decrease by as much as 50% within 20–30 
minutes after a single bolus injection (16). This short 
duration of action following intravenous administration 
relates to its rapid distribution into fat tissue and to the 
high protein binding of diazepam.

Diazepam undergoes demethylation to N-
desmethyldiazepam, a major metabolite that itself has 
significant antiepileptic and sedative properties (17). 
Diazepam and N-desmethyldiazepam are both highly 
protein bound to albumin (17). The elimination half-
life of diazepam is 10 � 2 hours in infants and 17 � 3 
hours in older children (17). The elimination half-life of 
N-desmethyldiazepam is longer than that of diazepam, 
and serum concentrations are two to five times higher in 
patients receiving long-term treatment (17). The metabo-
lites of diazepam are conjugated with glucuronic acid in 
the liver and excreted by the kidney.

Diazepam does not significantly influence the phar-
macokinetics of other drugs. Valproate comedication 
decreases protein binding and inhibits the metabolism of 
diazepam (18), which may result in increased sedation.

Clinical Efficacy. Diazepam is effective in the treatment 
of both convulsive and nonconvulsive status epilepticus 
and of acute repetitive seizures. Clinical effect is observed 
usually within 10 minutes of intravenous administration, 
which is the optimal route for the treatment of status 
epilepticus (16, 19). The rapid redistribution following 
a single dose results in an abrupt decline in brain con-
centration and reduction in the anticonvulsant effect. 
Consequently, a long-acting anticonvulsant, for example, 
phenytoin, should be administered concomitantly in chil-
dren with status epilepticus. Rectal diazepam is absorbed 
rapidly, which may be useful in small children in whom 
intravenous access may be difficult. Limited data sug-
gest continuous diazepam infusion may be effective in 
the treatment of refractory status epilepticus in children 
(20–22).

Rectal diazepam gel has been shown to be effective 
and safe in the management of children with prolonged 
or acute repetitive seizures (23). Sedation was the most 
common side effect, but no episodes of serious respiratory 
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TABLE 41-1
The Use of Benzodiazepines in Status Epilepticus

DRUG DOSAGE  COMMENTS

DIAZEPAM

Intravenous 0.2–0.3 mg/kg; max dose 5 mg in infants Administer over 2–5 minutes; rapid
  and 10 mg in older children; can be  administration increases risk
  repeated after 15 minutes  of apnea
Rectal solution 0.5–1.0 mg/kg; max dose 20 mg
Rectal gel  2–5 years: 0.5 mg/kg Prefixed unit doses of 5, 10, 15, and 20 mg;
 6–11 years: 0.3 mg/kg  prescribed dose should be rounded to
 �12 years: 0.2 mg/kg  nearest available unit dose

LORAZEPAM

Intravenous 0.1 mg/kg; max dose 4 mg; can be  Administer over 2 min
  repeated after 10 minutes
Sublingual 0.05–0.15 mg/kg; max dose 4 mg Can be used for serial seizures but should 
   not be used for tonic-clonic status 
   epilepticus

MIDAZOLAM

Intravenous bolus 0.15 mg/kg Administer over 2–5 minutes; if not 
   effective, continuous infusion should be 
   started
Continuous infusion 1–5 �g/kg/min; max dose 18 �g/kg/min Initiate treatment at 1 �g/kg/min and 
   increase rate by that amount 
   at 15-minute intervals until seizure 
   control
Intramuscular,  0.2 mg/kg
 intranasal, and buccal

TABLE 41-2
Benzodiazepine Dosages for Prevention of Seizures

DRUG INITIAL DOSE DOSAGE INCREASE MAXIMUM DOSE

Clobazam 2.5 mg/day � 2 years;  2.5–5 mg/day every 5–7 days; Doses over 30 mg/day rarely
  5 mg/day if 2–10 years;   given at night or as  improve seizure control
  10 mg/day � 10 years   b.i.d. dosing

Clonazepam 0.01–0.03 mg/kg/day � 30 kg  0.25–0.5 mg/day every 5–7 days; 0.2 mg/kg/day if on
  0.5 mg/day � 30 kg  b.i.d or t.i.d dosing  enzyme-inducing drugs;
    0.1 mg/kg/day in others

Clorazepate 0.3 mg/kg/day 0.3–0.6 mg/kg/day every 5–7 days; 3 mg/kg/day (max 60 mg/day)
   b.i.d dosing

Nitrazepam 0.1–0.2 mg/kg/day 0.1 mg/kg/day every 5–7 days;  �0.8 mg/kg/day
   b.i.d or t.i.d.

Abbreviations: b.i.d., twice daily; t.i.d., three times daily.



V • ANTIEPILEPTIC DRUGS AND KETOGENIC DIET560

depression have been reported. Rectal administration 
can be performed by the parent, which permits treat-
ment at home, decreases emergency room visits, and 
improves caregivers’ global evaluation (24). This is 
of particular value for children with a history of pro-
longed seizures (25).

Both oral (26) and rectal diazepam (27) administered 
intermittently at times of fever have been demonstrated in 
placebo-controlled studies to be effective in the preven-
tion of recurrent febrile convulsions. Rectal diazepam was 
as effective as continuous phenobarbital in the prevention 
of recurrent febrile seizures (28). The potential toxicities 
associated with antiepileptic drug therapy have generally 
been considered to outweigh the relatively minor risks 
associated with simple febrile seizures (29). However, 
intermittent diazepam may be of value in children who 
have had a previous prolonged febrile seizure.

Childhood-onset encephalopathies associated with 
sleep-activated electroencephalographic (EEG) abnormal-
ities may respond to oral diazepam at high doses (30, 31). 
Oral diazepam (0.5 mg/kg) for 3 to 4 weeks following 
a rectal diazepam bolus of 1 mg/kg has been reported 
to be effective in electrical status epilepticus in sleep 
(ESES) (32). Oral diazepam at a dose of 0.5 mg/kg given 
30 minutes before hemodialysis was effective in preven-
tion of hemodialysis-associated seizures in four children 
who had failed to respond to phenobarbital (33).

Adverse Effects. Sedation and ataxia occur commonly when 
diazepam is used in the treatment of status epilepticus or in 
the prevention of recurrent febrile convulsions. Respiratory 
depression and hypotension may occur following intrave-
nous diazepam, particularly if administered rapidly or used 
in combination with phenobarbital (17), but are extremely 
rare following rectal diazepam (34). Mild thrombophlebitis 
may occur following intravenous administration, particu-
larly if diazepam is mixed with a saline solution or is injected 
rapidly (17). Diazepam may induce tonic status epilepticus 
in children with epileptic encephalopathies (35). Intermittent 
oral diazepam prophylaxis has been associated with ataxia, 
sedation, lethargy, and irritability (36).

Clinical Use. In the treatment of children with sta-
tus epilepticus, an initial intravenous dose of 0.2 to 0.3 
mg/kg (maximum dose, 5 mg in infants and 15 mg in 
older children) of diazepam should be given slowly over 
2–5 minutes (17). If needed, the dose may be repeated after 
15 minutes. When intravenous access in not available, a 
rectal dose of 0.5 to 0.9 mg/kg has been used to a maximum 
of 20 mg (37, 38). In refractory status epilepticus, continu-
ous diazepam infusion has been used successfully (20). 
Treatment was initiated at 0.01 mg/kg/min and increased 
by 0.005 mg/kg/min every 15 minutes until seizures were 
controlled or to a maximum dosage of 0.03 mg/kg/min. 
A subsequent report has described at an infusion rate up 

to 0.08 mg/kg/min (21). Diazepam may precipitate when 
the intravenous solution is administered in saline solution, 
and it may adsorb to polyvinyl tubing. Consequently, fresh 
solution should be prepared every 6 hours when continu-
ous diazepam infusion is being used (39).

Rectal administration of diazepam should be con-
sidered when intravenous access cannot be obtained and 
when administration by a caregiver may be helpful, for 
example, when a child with a history of prolonged sei-
zures lives far from medical services. The injectable solu-
tion can be administered rectally through a soft plastic 
intravenous catheter, and doses of 0.5 to 1.0 mg/kg have 
been reported to be effective in a prehospital setting with 
a maximum dose of 20 mg (16). Rectal diazepam gel 
(Diastat®) is available in unit doses of 5, 10, 15, and 20 mg 
and is easier to handle, faster to administer, and decreases 
the chance of dosing errors. Rectal doses of 0.5 mg/kg 
for children 2–5 years of age; 0.3 mg/kg between 6 and 
11 years of age, and 0.2 mg/kg above 12 years to a maxi-
mum of 20 mg have been used successfully (40). A second 
dose may be repeated in 4–12 hours, if needed. If admin-
istered at home, caregivers should be given instruction as 
to when they should seek medical attention. The suggested 
dosage of oral or rectal diazepam used for febrile seizure 
prophylaxis is 5 mg every 8 hours when the rectal tem-
perature is 
38.5�C, with a maximum of four consecutive 
doses to avoid drug accumulation (28).

Lorazepam

Biotransformation, Pharmacokinetics, and Inter-
actions. Lorazepam is a 1,4-benzodiazpine that is 
metabolized rapidly through hepatic glucuronidation and 
is excreted by the kidneys (41). It is absorbed more rapidly 
when administered sublingually than orally or intramuscu-
larly, and peak plasma levels are achieved within 60 minutes 
(42). The rectal absorption of lorazepam parenteral solution 
is slow and peak concentrations, which may not be reached 
for 1–2 hours, are much lower than those achieved fol-
lowing intravenous administration (43). First-pass hepatic 
transformation decreases the absolute systemic availability 
of oral lorazepam to 29% of that following intravenous 
administration (44). Lorazepam is 90% protein bound and 
rapidly crosses the blood-brain barrier. The maximal EEG 
effect of intravenous lorazepam is observed approximately 
30 minutes after infusion, which is later than with intrave-
nous diazepam, probably as a result of slower entry into the 
brain (45). Following intravenous administration, there is a 
rapid fall in blood levels because of the distribution phase. 
The elimination half-life is 10.5 � 2.9 hours in children 
(46) but is longer in neonates (47). Less than 1% is excreted 
unchanged in the urine.

The clearance of lorazepam is not influenced by 
acute viral hepatitis (48) or renal disease (49). However, 
valproate reduces the clearance of lorazepam, possibly as 
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a consequence of inhibition of glucuronidation (50). There 
are no other significant interactions with antiepileptic drugs 
(42), and, in contrast to other benzodiazepines, protein 
binding of lorazepam is not influenced by heparin (51).

Clinical Efficacy. Intravenous lorazepam is more effective 
than intravenous diazepam in the treatment of status epi-
lepticus; it has fewer side effects and has a longer duration 
of action (52, 53). Children receiving long-term therapy 
with another benzodiazepine are less responsive to loraz-
epam in status epilepticus (54). Sublingual lorazepam has 
also been shown to be a convenient and effective treatment 
of serial seizures in children (55). Intravenous or sublingual 
lorazepam was completely effective in preventing seizures 
in 29 children receiving high dose busulfan treatment (56). 
Lorazepam has also been reported to be useful in the treat-
ment of postanoxic myoclonus (57).

Adverse Effects. Sedation is the most common side 
effect of lorazepam, and ataxia, psychomotor slowing, 
and agitation may also occur. Respiratory depression may 
occur but less often than with diazepam (52). The treat-
ment of serial seizures with lorazepam has been associ-
ated with drowsiness, ataxia, nausea, and hyperactivity 
(55). Abrupt discontinuation of lorazepam has been asso-
ciated with withdrawal seizures, which may occur up to 
60 hours following its discontinuation (42). Lorazepam 
has been reported to cause tonic seizures in patients being 
treated for atypical absence status epilepticus (58–60).

Clinical Use. The recommended intravenous dose of 
lorazepam in children is 0.1 mg/kg (maximum dose, 
4 mg) (19). The intravenous rate of administration 
should not exceed 2 mg/min. The dose can be repeated 
if necessary after 10 minutes. Sublingual doses of 0.05 
to 0.15 mg/kg were effective in 8 of 10 children with 
serial seizures (55).

Midazolam

Biotransformation, Pharmacokinetics, and Inter-
actions. Midazolam is a 1,4-benzodiazepine with a 
fused imidazole ring. Prior to administration, the benzo-
diazepine ring of midazolam is open and is water soluble. 
However, following administration, the benzodiazepine 
ring closes at physiologic pH and midazolam becomes 
lipid soluble. These characteristics permit absorption via 
the intramuscular route (with less pain at the injection 
site) and rapid transport across the blood-brain barrier. 
The absorption of intramuscular midazolam is rapid 
with 80% to 100% bioavailability (61), and peak blood 
levels are obtained after approximately 25 minutes (61). 
Pharmacologic effects are observed within 5–15 minutes 
but may not be maximal for 20 to 60 minutes (62). 
Intranasal absorption of midazolam also occurs rapidly, 

with mean time to seizure control of 3.5 minutes (range, 
2.5–5.0 minutes) (63). Oral midazolam is absorbed rel-
atively rapidly, with peak blood levels being achieved 
within 1 hour, but first-pass metabolism in the liver limits 
the availability to 40% to 50% of the oral dose. It is 
distributed rapidly and possesses a short elimination 
half-life (1.5–3 hours) in children. The relatively short 
half-life makes it less likely to accumulate and therefore 
more suitable for continuous infusion than diazepam 
or lorazepam. A longer half-life (6.5 hours) has been 
observed in critically ill neonates (64).

Midazolam is highly protein bound (96–98%) and 
is metabolized extensively by the cytochrome P450 3A4 
enzyme system. Its metabolism is induced by phenytoin 
and carbamazepine (65). Medications that inhibit the 
activity of cytochrome P450 3A4, for example, eryth-
romycin and clarithromycin, may prolong the half-life 
of midazolam (66). Renal failure does not influence the 
pharmacokinetics of midazolam (67).

Clinical Efficacy. Intravenous midazolam was effective 
in the treatment of refractory status epilepticus in 43 of 
44 children in two studies (68, 69). The mean infusion rates 
in these two studies were 2.0 and 2.3 �g/kg/min, with a 
maximum rate in one study of 18 �g/kg/min. Midazolam 
appears to be as effective in stopping refractory status epi-
lepticus as pentobarbital or thiopental and is associated with 
fewer adverse effects (70, 71). Continuous intravenous mid-
azolam infusion was as effective as continuous diazepam 
infusion in stopping refractory status epilepticus but was 
associated with a higher incidence of seizure recurrence 
(21). Continuous midazolam infusion was also effective in 
stopping refractory nonconvulsive status epilepticus in 82% 
of episodes but breakthrough seizures, which could only 
be detected by EEG in most patients, occurred in approxi-
mately half of the patients (72). Midazolam administered by 
continuous intravenous infusion (1.6–6.6 �g/kg/min) was 
effective in controlling seizures refractory to phenobarbital 
in four of six neonates and was well tolerated (73).

The high water solubility of midazolam permits 
administration by a variety of routes. Intramuscular 
midazolam (15 mg) had a comparable effect to intra-
venous diazepam (20 mg) in the suppression of interictal 
spikes in adults within 5 minutes (74). Intramuscular 
midazolam was effective in stopping 64 of 69 prolonged 
seizures occurring in 48 children (75). A prospective 
study reported intramuscular midazolam to be more effi-
cacious than intravenous diazepam in the treatment of 
acute seizures, with a faster cessation of seizures because 
of more rapid administration (76). Intranasal adminis-
tration of midazolam was less effective than intrave-
nous diazepam in one study (77) but stopped prolonged 
febrile seizures more rapidly in another study (78). In 
addition, the time to seizure cessation was shorter with 
intranasal midazolam than with rectal diazepam, and 
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parents felt that the intranasal route was a more favor-
able means of medication administration (79).

Adverse Effects. Drowsiness and ataxia are the most 
common side effects. Apnea and hypotension may occur 
following rapid intravenous administration of a bolus 
of midazolam, but apnea has been reported in only one 
patient following intramuscular midazolam (80). Throm-
bophlebitis occurs less often than with diazepam (80). 
Paradoxical reactions including agitation, restlessness, 
and hyperactivity have been reported (81).

Clinical Use. An initial intravenous bolus dose of 0.15 mg/
kg (68, 69) may be followed by continuous infusion at an 
initial rate of 1 �g/kg/min, which may be increased subse-
quently by 1 �g/kg/min every 15 minutes to achieve seizure 
control. Seizures are controlled at infusion rates less than 
3 �g/kg/minute in most children, but rates up to 18 �g/
kg/min have been described (69). Intramuscular admin-
istration results in complete and rapid absorption and is 
particularly usefully if intravenous access is not available 
or is difficult to obtain quickly. An intramuscular dose 
of 0.2 mg/kg has been used effectively in children (75). 
Intranasal and buccal midazolam are safe, effective, and 
easy to administer, making these routes particularly useful 
in the home setting. The usual dose is 0.2 mg/kg.

Clonazepam

Biotransformation, Pharmacokinetics, and Inter-
actions. Clonazepam is a 1,4-benzodiazepine, and the 
bioavailability after oral administration is more than 80% 
with peak levels occurring between 1 and 4 hours (82). 
The high lipid solubility results in rapid distribution with 
easy passage across the blood-brain barrier. The protein 
binding is 86%. Clonazepam is metabolized initially 
by reduction to 7-amino-clonazepam and subsequently 
by acetylation (83). The metabolites, which are phar-
macologically inactive, are conjugated to glucuronide 
and excreted by the kidney. Less than 1% is excreted 
unchanged in the urine. Clonazepam metabolism involves 
the hepatic cytochrome P-450 3A4 (84) and comedication 
with carbamazepine or phenobarbital lowers blood clon-
azepam levels (82). Acetylation is also a major metabolic 
pathway and patients who are rapid acetylators are more 
likely to require higher doses to achieve a response (85). 
The serum half-life in children is 22–33 hours (86). The 
plasma half-life following intravenous administration in 
neonates is 20–43 hours (87).

Clinical Efficacy. Intravenous clonazepam was effective 
in stopping tonic-clonic status epilepticus in all children 
in a small open study and was considered to have a longer 
duration of action than diazepam (88). The initial dose 
was 0.25 mg, which was repeated up to two times. Intra-
venous clonazepam was also effective in more than 80% 

of children and adults with absence status epilepticus (89). 
Oral clonazepam has been demonstrated in controlled 
studies to be effective in the treatment of absence (86, 90, 
91), myoclonic (90), and atonic seizures (90). Open stud-
ies have suggested that clonazepam is also effective in the 
treatment of photosensitive epilepsy and of primary gener-
alized tonic-clonic seizures, both as monotherapy (92) and 
in combination with valproic acid (93). In patients with 
juvenile myoclonic epilepsy, clonazepam is more effective 
in prevention of myoclonic seizures than of tonic-clonic 
seizures. This may result in an increased risk of injury to 
the patient, who is deprived of the warning jerks that pres-
age the onset of the generalized tonic-clonic seizure (94). 
Clonazepam may also be effective in the treatment of other 
myoclonic epilepsies, including reflex myoclonic epilepsy, 
progressive myoclonic epilepsy, posthypoxic intention 
myoclonus, and epilepsia partialis continua (82). Partial 
epilepsy may also respond to clonazepam in combination 
with valproic acid (82). Clonazepam monotherapy is asso-
ciated with reduction in interictal rolandic discharges in 
children with benign rolandic epilepsy (95) and is more 
effective than valproic acid and carbamazepine in that 
regard (96). The addition of clonazepam was also effective 
in the treatment of children with partial seizures resistant 
to carbamazepine (97). Studies have demonstrated mixed 
results with respect to the efficacy of clonazepam in Len-
nox-Gastaut syndrome, where it has been considered as a 
third line choice (98).

Adverse Effects. The most common adverse effects of 
clonazepam include drowsiness, ataxia, incoordination, 
and behavioral changes (34, 99). Comedication with 
phenobarbital usually exacerbates the drowsiness (100). 
Diplopia, nystagmus, dysarthria, excessive drooling, and 
hypotonia may also occur. Initiation of therapy at a low 
dose followed by a slow increase may reduce the neuro-
toxicity. Increased appetite and weight gain of more than 
20% were reported in 9 of 81 children treated with clon-
azepam (99). Clonazepam may result in increased seizure 
frequency (101) and has been reported to induce tonic 
status epilepticus in Lennox-Gastaut syndrome (6).

The development of tolerance to the antiepileptic 
effect of clonazepam is dependent on the type of epilepsy. 
Thus, tolerance did not develop in 23 children with partial 
epilepsy who were treated with clonazepam monotherapy 
or clonazepam in combination with carbamazepine (97). 
Similarly, tolerance to clonazepam is observed less often in 
patients with typical absence seizures than in patients with 
West syndrome or Lennox-Gastaut syndrome (11). The use 
of alternate-day clonazepam has been reported to be asso-
ciated with significantly less tolerance in an animal model 
(102), an effect also observed in children (103). Discon-
tinuation of clonazepam may be complicated by transient 
worsening of seizure control, and status epilepticus may 
occur with abrupt withdrawal (11). Behavioral changes, 
including restlessness, dysphoria, sleep disturbance, and 
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tachycardia, may also occur during clonazepam with-
drawal, which should be done gradually (11).

Clinical Use. To minimize side effects, clonazepam 
should be started at a dose of 0.01 to 0.03 mg/kg/day in 
children under 30 kg and given in two or three daily dos-
ages (104). The dose can be increased by 0.25–0.5 mg/day 
every 5–7 days to a total dose of 0.1 mg/kg/day, or 0.2 mg/
kg/day in patients receiving drugs that induce microsomal 
metabolism. Clonazepam was effective in seven of eight 
neonates with seizures when administered by slow intra-
venous infusion in doses of 0.1 mg/kg (87).

Nitrazepam

Biotransformation, Pharmacokinetics, and Inter-
actions. Nitrazepam, a 1,4-benzodiazepine, is rapidly 
and totally absorbed in the gastrointestinal tract. It is 
highly protein bound (85–90%) and has an elimination 
half-life of 24 to 31 hours (105). Nitrazepam is partially 
metabolized in the liver and then excreted in the urine. 
There are no clinically significant interactions with other 
antiepileptic drugs. Oral contraceptives, steroids, and 
cimetidine reduce nitrazepam clearance, and rifampin 
increases nitrazepam clearance (105).

Clinical Efficacy. Nitrazepam is generally considered 
a third line adjunctive medication in the treatment of 
partial and generalized seizures, including the epileptic 
encephalopathies of childhood. In a randomized control 
study in patients with infantile spasms, 75% to 100% 
reduction in spasm frequency was observed in 52% 
of patients receiving nitrazepam and 57% of patients 
receiving adrenocorticotrophin (106), but side effects 
were less severe in the patients who received nitrazepam. 
In open studies, nitrazepam has been reported to be 
effective in the treatment of absence and primary gen-
eralized tonic-clonic seizures (107), myoclonic seizures 
(108)], and partial seizures (107). Nitrazepam has also 
been reported to be effective in the treatment of Lennox-
Gastaut syndrome (105, 109, 110).

Adverse Effects. Drowsiness, ataxia and incoordina-
tion, which are common side effects, may be diminished 
by initiation of treatment at a low dose followed by slow 
increase. Increased salivation is a well recognized side 
effect of nitrazepam in children and is related to both 
hypersecretion of the tracheobronchial tree and abnor-
mal swallowing, due to delay in cricopharyngeal relax-
ation (111). This may also result in feeding difficulties 
and aspiration pneumonia, particularly in children (108, 
112). Doses of nitrazepam greater than 0.8 mg/kg/day 
have been found to be associated with an increased risk 
of death in children (112), and the risk appears high-
est in children with intractable epilepsy younger than 
3.4 years of age (113). Risk factors included feeding 

difficulties, recurrent respiratory tract infections, and 
aspiration pneumonia.

Clinical Use. To reduce the risk of side effects, nitraz-
epam should be started in children at a low dose (0.1–
0.2 mg/kg/day) and the dosage increased every 5–7 days 
to a maximum of 0.8 mg/kg/day (112). Caution should 
be taken in patients younger than 4 years of age. Discon-
tinuation of nitrazepam should be gradual to minimize 
the risk of withdrawal seizures.

Clorazepate

Biotransformation, Pharmacokinetics, and Inter-
actions. Clorazepate is a prodrug that is decar-
boxylated in the stomach to the active medication, 
N-desmethyldiazepam. Peak concentrations of 
N-desmethyldiazepam are normally achieved at 
0.5 to 2 hours and, with the slow-release preparation, 
after 12 hours (114, 115). Serum concentrations of 
N-desmethyldiazepam increase after meals, which 
may cause somnolence (114). N-Desmethyldiazepam 
is 97% protein bound, largely to serum albumin 
(115). Although N-desmethyldiazepam has an elimi-
nation half-life of 55–100 hours, administration of 
clorazepate once daily is associated with unaccept-
able side effects because of the relatively high peak 
concentrations that follow its rapid absorption (115). 
N-Desmethyldiazepam is metabolized extensively by 
the liver and its elimination half-life is prolonged in 
patients with liver disease. Drugs that induce hepatic 
microsomal metabolism enhance the clearance of N-
desmethyldiazepam and patients taking these drugs 
require higher doses of clorazepate.

Clinical Efficacy. Clorazepate was introduced in the 
1960s and there have been no controlled studies in chil-
dren. Improvement in seizure control has been reported 
in children with partial (116) and generalized seizures 
(116–118), including children with Lennox-Gastaut syn-
drome (116).

Adverse Effects. Sedation, ataxia, behavioral changes, 
and drooling, which are the most common side effects 
of clorazepate in children, often become less pronounced 
with time. Comedication with phenobarbital increases the 
probability of behavioral problems (119) and should be 
avoided. Idiosyncratic reactions are rare (115).

Tolerance limits the usefulness of clorazepate, but 
animal studies suggest that tolerance occurs less often with 
clorazepate than with diazepam or clonazepam (115). With-
drawal seizures and behavioral changes may complicate the 
discontinuation of therapy, which should occur slowly.

Clinical Use. The initial dose of clorazepate in children 
is 0.3 mg/kg/day, and the dose is increased gradually to 
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achieve seizure control or until side effects appear, up to 
a maximum dose of 3 mg/kg/day (115, 117).

Clobazam

Biotransformation,  Pharmacokinet ics ,  and 
Interactions. Clobazam, which differs from the 1,4-
benzodiazepines by the presence of a nitrogen atom in 
the 1 and 5 positions of the diazepine ring, is relatively 
insoluble and cannot be administered intravenously or 
intramuscularly. Oral clobazam is absorbed rapidly, and 
peak concentrations are reached in 1 to 4 hours (120). It is 
highly lipophilic, distributed rapidly, and approximately 
85% protein bound. Factors that influence protein bind-
ing, for example, liver disease, may affect the free and 
total levels of the drug (121). Clobazam is metabolized 
extensively in the liver to several metabolites including 
N-desmethylclobazam, which also has antiepileptic activ-
ity. The elimination half-life of clobazam is 18 hours, and 
that of N-desmethylclobazam is 42 hours (121). Thus, 
blood levels of N-desmethylclobazam are approximately 
10 times those of clobazam (122), and N-desmethylcloba-
zam is considered to be responsible for most of the anti-
epileptic effect in patients receiving clobazam (121).

Comedication with phenytoin, phenobarbital, or 
carbamazepine increases the N-desmethylclobazam/
clobazam ratio (123). Clobazam increases phenytoin 
concentrations (124) and may result in phenytoin intoxi-
cation (125, 126). Clobazam has also been reported to 
increase valproate levels, which may remain elevated for 
several weeks after the clobazam has been withdrawn 
(127), and may result in valproate toxicity (128). Mild 
increases in phenobarbital, carbamazepine, and carba-
mazepine epoxide have also been reported (124).

Clinical Efficacy. The use of clobazam in the treat-
ment of epilepsy was pioneered by Gastaut and Low, 
who reported its effectiveness in patients with partial 
seizures, idiopathic generalized epilepsy, reflex epilepsy, 
and Lennox-Gastaut syndrome (129). The antiepileptic 
effect of clobazam in partial and tonic-clonic seizures has 
been demonstrated in several placebo-controlled studies 
(121). In addition, clobazam monotherapy has been dem-
onstrated to be as effective as either carbamazepine or 
phenytoin in the treatment of children with partial, tonic-
clonic seizures, or both, who were previously untreated or 
who had received only one drug (15). Clobazam appears 
to have a broad spectrum of antiepileptic activity. In a 
large retrospective study comprising 1,300 refractory 
epileptic patients, including 440 children, more than 
50% reduction in seizure frequency was observed for 
each seizure type (except tonic seizures) in 40% to 50% 
of patients and complete seizure control was obtained 
in 10% to 30% (128). It has also been reported to be 
effective in the treatment of reflex epilepsies (130–132), 

startle epilepsy (133, 134), epilepsy with continuous 
spike-waves during slow sleep (135), and eyelid myo-
clonia with absence (136). Complete seizure control 
was described in 20% of patients with temporal lobe 
seizures associated with hippocampal sclerosis, and 75% 
reduction in seizure frequency in a further 25% (137). 
Clobazam taken intermittently for 10 days each month 
around the time of menstruation was effective in the treat-
ment of catamenial epilepsy and was not associated with 
tolerance (138, 139). Administration of intermittent clo-
bazam has also been used successfully by the author in the 
treatment of seizures that occur periodically in clusters. 
Prophylactic clobazam has been used prior to bone mar-
row transplantation in the prevention of seizures induced 
by high-dose busulfan chemotherapy (140).

Adverse Effects. A major advantage of clobazam over 
the 1,4-benzodiazepines is the lower incidence of neuro-
toxicity. In a double-blind comparison of clobazam with 
phenytoin or carbamazepine in children, the incidence of 
side effects was similar (15). The side effects of clobazam 
are generally mild and resolve with dosage reduction. 
Drowsiness, short attention span, mood change, ataxia, 
and drooling may occur. These occur less commonly than 
in patients receiving 1,4-benzodiazepines (13). Marked 
worsening of behavior has been reported in some patients 
in open studies but does not appear to occur any more 
commonly than with carbamazepine or phenytoin (15). 
Excessive weight gain, which responds to withdrawal 
of the drug, has been reported (13). Hematologic and 
hepatic side effects have not been reported, and drug-
induced skin rash is extremely rare.

Open studies in children have reported tolerance in 
18% to 65% of patients (12–14, 141, 142), but most of 
these studies comprised patients who had been intrac-
table to several antiepileptic drugs. In a controlled study 
in children who were previously untreated or who had 
received only one drug, the incidence of tolerance was 
similar in patients receiving clobazam (7.5%), carbam-
azepine (4.2%), and phenytoin (6.7%) (15).

Clinical Use. Clobazam should be started at a dosage of 
2.5 mg/day in infants and 5 mg/day in older children. The 
dose can be increased at 5- to 7-day intervals until the sei-
zures are controlled or side effects occur. Although doses of 
up to 3.8 mg/kg/day can be administered to children with-
out undue side effects, dosages greater than 1 mg/kg/day 
are rarely associated with improved seizure control (13). In 
teenagers and adults, the initial dose is 10 mg/day. The dose 
can be increased at 5- to 7-day intervals, but those who do 
not respond to 30 mg/day respond rarely to higher doses 
(121). Clobazam is usually administered at night or twice 
a day. To minimize the risk of withdrawal seizures, dis-
continuation should be done gradually over several weeks. 
Drug level monitoring is not clinically useful.
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Carbamazepine and 
Oxcarbazepine

CARBAMAZEPINE

Introduced in 1962 for treatment of trigeminal neuralgia, 
carbamazepine (CBZ) has emerged as a highly effective 
treatment of epilepsy with partial and secondarily gener-
alized seizures. It has also been reported to benefit neu-
ropathic pain, certain behavior disorders, and affective 
disorders. At first, CBZ was used to replace sedating anti-
epileptic drugs, but over time it became the initial therapy 
for treatment of localization-related epilepsy with partial 
(focal) seizures and epilepsy with generalized tonic-clonic 
seizures. Although CBZ produces side effects in many 
patients, the low incidence of cosmetic, cognitive, and 
behavioral side effects are advantages. The major disad-
vantages have been its propensity to interact with other 
drugs, to cause rashes and to aggravate absence and astatic 
seizures in patients with generalized epilepsy.

Clinical Efficacy

Carbamazepine is effective in partial (focal seizures), 
especially complex partial (psychomotor) seizures and 
generalized tonic-clonic (grand mal) seizures (1, 2). It 
is ineffective in febrile seizures and absence seizures. 
Furthermore, children with the Lennox-Gastaut syndrome 
sometimes have CBZ-induced worsening of several types 
of seizures, especially atypical absence seizures and astatic 

W. Edwin Dodson

seizures, also called drop attacks (3, 4). Nonetheless, 
numerous studies have shown that CBZ is just as effec-
tive as other major anticonvulsants when prescribed for the 
appropriate type of seizure (5–14). For example, in benign 
rolandic epilepsy, a pediatric epileptic syndrome character-
ized by partial seizures, CBZ is effective in 94% of patients, 
producing complete control in 65%. Given its comparable 
efficacy to other first-line anticonvulsants, the somewhat 
unique spectrum of adverse effects associated with CBZ 
differentiates it from other antiepileptics. Although differ-
ent rates of response to CBZ have been linked to age and 
gender, these differences appear to be small.

Carbamazepine has been reported to be more effec-
tive in girls than boys, and more effective in older patients 
than in children (15, 16). The causes for these differences 
are most likely pharmacokinetic, although they may also 
relate to distribution of seizure types in various age groups. 
For example, lower CBZ concentrations have been found 
among nonresponding children (17). Furthermore, young 
children have accelerated relative clearance of CBZ as com-
pared to older children. Partial or generalized tonic-clonic 
seizures are the predominant seizure types in 55% and 
90% of children and adults, respectively (18, 19).

The major mechanism of action of CBZ is to limit 
use-dependent increases in sodium conductance, thereby 
restricting neuronal high-frequency discharges. This mech-
anism is shared by phenytoin, oxcarbazepine, lamotrigine, 
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topiramate, and felbamate, but differs from the mecha-
nisms of actions of barbiturates, benzodiazepines, valpro-
ate, and succinimides (20). This mechanism at sodium 
channels correlates with clinical efficacy against partial 
and generalized tonic-clonic seizures. In experimental ani-
mals brain CBZ concentrations of 3.5 to 4.5 �g/g prevent 
maximal electroshock-induced seizures (21).

Carbamazepine in therapeutic concentrations has few 
effects on the electroencephalogram (EEG). It does not 
produce frontal low-voltage fast activity like that caused 
by barbiturates and benzodiazepines (22). High concentra-
tions of CBZ produce generalized slowing. The effect of 
CBZ on seizure activity in the EEG varies depending on its 
efficacy. When CBZ is effective in preventing seizures, focal 
spikes at first become more brief and sharp and eventually 
may disappear (23). Discontinuation of CBZ is associated 
with an increase in the mean dominant rhythm frequency 
(24). Generalized spike and spike-wave abnormalities 
either are unaffected by CBZ or worsen (16).

Other uses of CBZ include the treatment of chronic 
neurogenic pain (25, 26), hemifacial spasm (27), and 
affective disorders (28–33), although most of the data 
supporting CBZ use in affective conditions are case 
reports, retrospective reviews, or open label, uncontrolled 
trials. Carbamazepine also has been used to treat atten-
tion deficit hyperactivity disorder in children and in other 
psychiatric conditions (34–38). In combination with lith-
ium, CBZ has been used to treat refractory depression, 
refractory mania, and rapid cycling depression (39–41). 
Carbamazepine also may be beneficial in the dyscontrol 
syndrome, a disorder characterized by episodic aggressive 
outbursts (42, 43). Among impulsive hyperkinetic chil-
dren with attention deficit disorder, the administration of 
CBZ is preferred over barbiturates, benzodiazepines and 
vigabatrin, and other GABA agonists, because the latter 
cause worsening of behavior in a substantial percentage 
of patients (18, 44–48).

After patients who have side effects due to other 
anticonvulsants are switched to CBZ, overall function-
ing often improves. When this occurs, it has been called 
a psychotropic action. Subjectively, these changes are 
described as less dulling of mentation, having a steadier 
gait, and improved attention and alertness (47). The 
improvement is most dramatic among patients who are 
switched from multidrug regimens that include barbi-
turates to monotherapy with CBZ. On the other hand, 
CBZ does not enhance cognitive function or behavior in 
otherwise normal patients unless seizures are occurring 
frequently enough to impair thinking.

Chemistry

Carbamazepine is a tricyclic compound related to iminostil-
bene (49). Although the two-dimensional structure of CBZ 
resembles tricyclic antidepressants, its three-dimensional 

conformation is more akin to phenytoin. Carbamazepine 
is a hydroscopic, neutral, lipophilic chemical that is solu-
ble in organic solvents but possesses low water solubility. 
Due to limited aqueous solubility, CBZ has never been 
formulated for parenteral administration. Its crystalline 
structure and the structure-dependent dissolution rate of 
CBZ are sensitive to its extent of hydration. Exposure to 
high humidity leads to increasing hydration of CBZ caus-
ing the progressive development of a crystalline lattice that 
resists dissolution and is thereby insoluble. Thus patients 
who take carbamazepine that has been stored in humid 
and warm environments are at risk to experience drops in 
carbamazepine levels.

Biotransformation, Pharmacokinetics, and 
Interactions in Humans

Carbamazepine is eliminated largely by hepatic metabo-
lism. Unique among unsaturated heterocyclic chemicals, 
the predominant elimination pathway in humans results 
in the formation of a stable epoxide that accumulates 
in serum. This compound, carbamzepine-10-11-epoxide 
(CBZE), has actions similar to CBZ but it is less potent 
in experimental models of epilepsy (50). The epoxide 
is hydrolyzed subsequently to form an inactive 10,
11-dihydroxide, the principal urinary metabolite. Lesser 
amounts of CBZ are metabolized by aromatic hydroxyl-
ation of the lateral rings. Carbamazepine is also a potent 
broad spectrum inducer of hepatic cytochrome P 450 
enzymes, which metabolize other antiepileptic drugs.

Pharmacokinetics

Carbamazepine has linear, predictable elimination 
kinetics (Table 42-1 and Table 42-2). In individual patients, 

TABLE 42-1
Carbamazepine Reference Information

CARBAMAZEPINE (CBZ)

Molecular weight 236.26
Conversion factor CF 	 1,000/236.26 	 4.23
Conversion �g/mL or mg/L � 4.32 	 �mol/L

CARBAMAZEPINE-10,11-EPOXIDE (CBZE)

Molecular weight  252.3
Conversion factor CF 	 1,000/252.3 	 3.96
Conversion: �g/mL (or mg/L) � 3.96 	 �mol/L

RATIO OF CBZE TO CBZ

Monotherapy 0.10–0.20 
Polytherapy 0.15–0.66

From (22, 50).
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but not in groups of patients, the relationship between CBZ 
dose and concentration are linear and predictable (51–53). 
However, when standardized doses of CBZ are given to 
a large group, there is a wide scatter in the concentra-
tions because of individual differences in CBZ elimination. 
Therefore, little or no correlation is found between CBZ 
doses and concentrations in groups (54, 55). Because of 
this, measurement of CBZ concentrations in blood is an 
important aspect of individualizing CBZ doses.

Elimination. CBZ induces its own metabolism by 
stimulating the activity of the CYP3A4 isozyme of cyto-
chrome P450, a process called autoinduction (56, 57). 
Autoinduction causes the elimination rate of CBZ to 
increase in the days that follow the initiation or modifi-
cation of doses. Because this process takes several weeks 
to evolve fully, CBZ pharmacokinetics have also been 
described as time-dependent kinetics. Among both chil-
dren and adults who have not previously taken hepatic 
enzyme-inducing drugs, the half-life of CBZ decreases 
approximately 50% as autoinduction takes place, with 
the half-life declining from 36 hours after the first dose to 
18 to 20 hours following chronic monotherapy in adults 
(52, 57). Likewise, studies in children indicate similar 
magnitudes of change with doubling of CBZ clearance 
(0.028 L/kg/hr to 0.056 L/kg/hr) after 2 or 3 weeks of 
therapy (58). Thus in all age groups, autoinduction causes 
levels to be approximately 50% of what would be predicted 
from first dose pharmacokinetics. Autoinduction is usually 
complete 3 to 6 weeks after a change in CBZ dose.

It is important to recognize autoinduction and not to 
mistake it as noncompliance. If constant doses are given 
during the first weeks of treatment, the concentration of 
CBZ increases at first and then declines. When seizures 
are controlled initially but then recur, autoinduction caus-
ing reduced CBZ levels may be the explanation.

The half-life of the epoxide metabolite has been 
estimated to range from 10 to 20 hours in patients who 
ceased taking CBZ (57, 59). When CBZE was adminis-
tered to normal volunteers, a shorter half-life of 6.1 �
0.9 hours was found (60). Among this same group of 
subjects the half-life of CBZ was 26 � 4.6 hours, but 
autoinduction probably was incomplete.

Carbamazepine elimination is influenced by age, 
pregnancy, and drug interactions (61). As with other 
antiepileptic drugs, the relative clearance of CBZ is much 
higher in young children but declines to adult values in the 
later years of childhood. Younger patients and pregnant 
women in their last trimester have higher relative clearance 
and require higher relative doses than other patients (51). 
They also have higher ratios of CBZE to CBZ (62).

The ratio of CBZE to CBZ is 10% to 15% in adults. 
During childhood and pregnancy the ratio is higher, rang-
ing up to 20%. In certain drug interactions involving val-
proate, the ratio can exceed 50%. Valproate elevates the 
ratio because it inhibits epoxide hydrolase and increases 
the epoxide concentration.

Absorption rate varies with formulation. The bio-
availability of CBZ has been estimated to be 75% to 
85% (52, 63). Food variably increases the rate of absorp-
tion (52). Larger doses may be absorbed more slowly 
than smaller ones. Slow absorption facilitates once daily 
administration in some patients. However, most authori-
ties recommend more frequent administration to mini-
mize the chance of side effects (64) and to minimize the 
impact of forgotten doses.

Carbamazepine is absorbed slowly after oral admin-
istration of tablets, with peak concentrations occurring 
4–8 hours after ingestion (22). This tardy absorption 
results from slow dissolution of CBZ tablets. For this 
reason, CBZ absorption has been described as dissolution 

TABLE 42-2
Carbamazepine Administration and Pharmacokinetics

Type of elimination kinetics Linear
Special pharmacokinetic features Autoinduction, dissolution-rate-limited
    absorption
Maintenance dose 10–20 mg/kg/day
Therapeutic concentration range 4–12 mg/L
Half-life (range) 5–36 hours*
Formulations
 Suspension (Tegretol)  50 mg/mL
 Chewable tablet (Tegretol) 100 mg
 Tablet (Tegretol, generic) 200 mg
 Sustained release granules (Carbatrol) 200, 400
 Sustained release (Tegretol XR)  100, 200, 400

From (22).
Half-life varies with duration of therapy (autoinduction), age, pregnancy, and comedication.
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rate limited (52). Variations in the CBZ formulation signif-
icantly affect tablet dissolution rate and thus the absorp-
tion rate. Slow-release formulations such as Tegretol 
XR® and Carbatrol® slow absorption even more than 
the Tegretol® formulation. Tegretol XR® uses the Oros 
osmotic mechanism of slow release, whereas Carbatrol®
slows dissolution by coating CBZ-containing particles 
(65). The Oros formulation consists of an osmotic core 
surrounded by a semipermeable membrane. When water 
enters the chamber in the center of the tablet, it forces 
the drug out of the delivery orifice into the gastrointes-
tinal tract.

Carbatrol is a mixture of beads with three different 
coatings that dissolve at different rates. The so-called 
immediate coating dissolves quickly and initiates absorp-
tion. A slow-release coating of other beads is removed 
more slowly and releases the CBZ later. Finally, a pH-
sensitive coating triggers dissolution in the alkaline pH 
of the small intestine (66). Crystalline matrix “retard” 
formulations, marketed as Timonil Retard® or Tegretol 
Retard® in Europe, also significantly attenuate the fluc-
tuation index between doses (67, 68). In some patients 
this allows twice daily dosing, which is more convenient, 
encourages compliance, and reduces the chance of side 
effects (69).

Suspensions and certain generic formulations are 
absorbed more rapidly than proprietary Tegretol. For 
some patients, especially children who have short half-
lives for CBZ, rapid absorption confounds their treat-
ment, and switching to slow-release formulations can 
improve seizure control and reduce side effects.

For most patients slow absorption of CBZ is pre-
ferred. Generic formulations tend to be absorbed more 
rapidly than brand name formulations. For patients who 
require high, nearly toxic concentrations of CBZ for sei-
zure control, switching to a more rapidly absorbed generic 
formulation can cause both seizure relapse and side effects 
due to wider fluctuations in CBZ concentrations between 
doses. Thus, the decision to substitute generic CBZ must 
be considered on a case-by-case basis. Generic CBZ is 
suitable mainly for those patients with mild epilepsy who 
are treated adequately with low levels.

Rapid elevation of the CBZ concentration is desir-
able for certain patients such as those who have com-
pleted video-EEG recording to determine whether they 
are candidates for epilepsy surgery or those who need 
their drugs switched rapidly. The administration of 8 mg/
kg of CBZ suspension or tablets produces therapeutic 
levels in 2 and 5 hours, respectively (69).

Distribution. The volume of distribution for 
CBZ ranges from 0.93 to 1.28 L/kg (22). The brain-to-
plasma ratio of both CBZ and CBZE is approximately 1, 
with a range of 0.8 to 1.6 (22, 70). Approximately 75% 
and 50% of CBZ and CBZE are bound to albumin, 

respectively (22). Concentrations of CBZ and CBZE in 
cerebrospinal fluid (CSF) are consistent with the protein 
binding values in serum and CSF concentrations equal the 
unbound fractions in plasma. The CSF-to-plasma concen-
tration ratios average 0.25 and 0.50 for CBZ and CBZE, 
respectively. Note that the binding of these compounds 
is low enough that unless CBZ levels are high, the conse-
quences of altered CBZ binding to constituents of plasma 
are usually trivial and do justify routine measurement 
of free CBZ levels (71). Salivary concentrations of CBZ 
also approximate the unbound concentrations in plasma, 
although the ratio of CBZ levels in plasma versus saliva 
varies during the day (72).

Carbamazepine crosses the placenta and penetrates 
breast milk. Transplacentally acquired CBZ concentra-
tions in newborns at birth correlate highly with those 
found in maternal plasma (55). Newborns who have been 
exposed to CBZ in utero experience autoinduction of CBZ 
metabolism and eliminate CBZ at rates comparable to 
adults. Among newborns acquiring CBZ transplacentally, 
the reported half-lives have ranged from 8.2 to 28.1 hours 
(55). Among mothers taking CBZ, concentrations in their 
breast milk are so low that nursing infants rarely ingest 
a substantial dose.

Drug Interactions

Pharmacokinetic drug interactions involve both CBZ 
metabolism and CBZ binding to serum proteins (73). 
Numerous drugs including phenytoin, phenobarbital, 
and primidone induce hepatic enzymes responsible for 
CBZ biotransformation (74). Phenobarbital has the great-
est effect, reducing the average half-life to 10–11 hours 
in adults. Adult patients taking all three together have 
an average half-life of 10.6 hours (60). Among patients on 
polytherapy, CBZ half-lives may be as short as 5 hours, 
half-lives that are considerably shorter than the average 
values of 18 to 20 hours reported for adults on CBZ 
monotherapy (75).

Valproate increases the unbound fraction of both 
CBZ and CBZE, and it inhibits the hydrolysis of CBZE by 
epoxide hydrolase, thereby increasing the ratio of CBZE 
to CBZ (63, 64). Under these circumstances, the val-
proate concentration correlates with the unbound CBZ 
fraction (76). Valproate and valpromide reduce the clear-
ance of CBZE by inhibiting hepatic microsomal epoxide 
hydrolase (77, 78). The highest CBZE concentrations, 
which sometimes exceed 50% of the CBZ level, occur 
when CBZ is administered simultaneously with both an 
inducing agent, such as phenytoin, and with valproate. 
In these situations CBZE levels may be high enough to 
contribute to neurotoxicity. Note that routine CBZ levels 
do not include CBZE.

Patients with “therapeutic” concentrations of both 
phenytoin and CBZ sometimes develop side effects (57, 
65). Evidence has also been found for a pharmacodynamic 
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interaction between CBZ and phenytoin in experimental 
animals (79). Pharmacodynamic interactions take place 
in the target organ and are not secondary to changes in 
drug concentrations. Morris et al found that in mice, the 
therapeutic index of combined CBZ and phenytoin was 
no better than either drug given singly (79). Both efficacy 
in prevention of seizure and neurotoxicity increased when 
these drugs are given simultaneously. Although compa-
rable data in humans are lacking, it is highly likely that the 
toxicities of CBZ and phenytoin are additive in humans.

A toxic pharmacodynamic interaction has also been 
described between CBZ and lamotrigine (80). Patients 
who had CBZ concentrations greater than 8 �g/mL devel-
oped diplopia and dizziness after lamotrigine was added 
on, even though the CBZ concentration did not change 
and lamotrigine levels were in the nontoxic range. After 
the CBZ dose was decreased, the side effects resolved.

CBZ also accelerates the metabolism of folic acid 
and biotin (81). Folic acid deficiency can cause psychiatric 
symptoms and should be considered when patients who 
have been treated chronically with inducing antiepileptic 
drugs develop psychiatric symptoms (82). Even more crit-
ical, folate deficiency during pregnancy has been linked to 
neural tube defects and folate supplementation has been 
recommended for all women of childbearing potential 
(83, 84). Needless to say folate supplementation is doubly 
important for women with epilepsy.

Several drugs inhibit CBZ elimination and cause 
CBZ levels to increase (Table 42-3). Isoniazide and CBZ 
increase the concentration of each other (85). Among the 
macrolide antibiotics, erythromycin, triacetyloleandomy-
cin, and clarithromycin inhibit the biotransformation of 
CBZ, causing predictable increases in CBZ levels and 
neurotoxicity if the CBZ dose is not reduced (86–89). 
Other macrolide antibiotics have weaker and inconsistent 
effects on CBZ levels. Several antidepressants and selec-
tive serotonin reuptake inhibitors are competitive sub-
strates with CBZ for CYP3A4 (90). Dextropropoxyphene 
and the antidepressant viloxazine increase CBZ levels 
after chronic administration (91). Nicotinamide, which is 
chemically related to isoniazide, also inhibits CBZ elim-
ination, causing CBZ concentrations to increase (92). 
Carbamazepine does not interact with disulfiram (93) 
and cimetidine (94), which are metabolized by CYP2C9 
and CYP2C19, but not by CYP3A4 (57, 95, 96).

Add-on therapy with CBZ reduces the concentra-
tions of other anticonvulsants that are eliminated by 
hepatic metabolism, because it is a potent inducer of 
cytochrome P 450 (97). Carbamazepine causes ethosuxi-
mide levels to decline by an average of 17% and lowers 
valproate levels twice as much, increasing the clearance of 
valproate by one-third or more (98). The addition of CBZ 
to phenytoin usually decreases phenytoin concentrations, 
but the mechanism of the interaction is complex, with 
CBZ decreasing both the Vmax and the Km of phenytoin 

elimination (99), because it stimulates the activity of cyto-
chromes CYP2C9 and CYP2C19 both of which catalyze 
phenytoin elimination (98).

The induction of CBZ elimination by other drugs 
changes the relationship between CBZ dose and concen-
tration. Among children on monotherapy, each 2 mg/kg/
day dosage increases the CBZ concentration by 1 �g/mL.
When other antiepileptics are given simultaneously, more 
than 3 mg/kg/day are required to increase the CBZ con-
centration by 1 �g/mL (55). Typically, patients receiving 
polytherapy have lower concentrations despite higher 
doses (100). Furthermore, patients receiving polyther-
apy need more frequent doses to avoid intermittent side 
effects, which occur due to wide fluctuations in serum 
levels (65).

Changes of drug regimens that involve CBZ. When 
adding or deleting CBZ, remember that other inducers of 
hepatic cytochrome P 450 enhance CBZ metabolism and 

TABLE 42-3
Pharmacokinetic Drug Interactions Involving 

Carbamazepine (CBZ)

DECREASE CBZ

Phenytoin
Phenobarbital
Primidone

INCREASE CBZ

Danazole
Clarithromycin
Diltiazem
Erythromycin 
Isoniazide
Nicotinamide
Propoxyphene
Triacetyloleandomycin 
Valproic acid 
Verapamil
Viloxazine

DRUGS THAT ARE DECREASED BY CBZ

Clonazepam
Doxycycline
Ethosuximide
Haloperidol
Phenytoin*
Steroid contraceptives
Valproic acid
Warfarin

From (213).
*Interaction is variable. Usually CBZ decreases phenytoin 

levels, but sometimes the opposite is seen (105)
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vice versa. Thus, when CBZ is added to an antiepileptic 
drug regimen, it usually lowers the concentration of other 
antiepileptic drugs that are subject to hepatic biotransfor-
mation. For this reason the dose of the first drug should 
be held constant as CBZ is added until the concentration 
of the CBZ exceeds 4 �g/L. Then the original drug can be 
tapered over a period of three or more weeks, depending 
on the drug. After this is completed, the CBZ level usually 
increases if the drug that was replaced was a cytochrome 
P 450 inducer. This process in which discontinuation of an 
inducing drug leads to an increase in drug level is called dis-
induction (70). Note that because discontinuation of benzo-
diazepines may evoke withdrawal seizures, they should be 
reduced quite slowly, usually over several months to years. 
Furthermore, patients with severe epilepsy who are having 
frequent seizures may need to be hospitalized while their 
regimens are simplified because of the risk of provoking 
convulsive status epilepticus by changing the medications.

Adverse effects. Carbamazepine is generally well 
tolerated (101–103). Although some authorities report 
side effects in as many as 63% of patients (12, 104), 
most of the side effects do not warrant discontinuation 
of therapy. In one pediatric study, 43% had side effects. 
However, these were usually mild and tolerable such that 
only 3% discontinued the medication and another 3% 
required a dosage reduction (103). The most frequent 
neurologic side effect, drowsiness, occurred in 11%. 
Gastrointestinal complaints were uncommon. In chronic 
therapy tolerance develops to the neurologic side effects 
of CBZ and many of them abate completely (102). As 
with most other antiepileptic drugs, starting at a low dose 
and slowly escalating to the desired maintenance doses 
causes fewer side effects than rapidly raising the dose or 
starting at full maintenance dose (105).

At concentrations greater than 12 �g/mL side effects 
are increasingly common. Unbound CBZ levels corre-
late better with neurotoxicity than total CBZ levels in 
serum (65). Unbound CBZ concentrations of 1.7 �g/mL
or more usually produce side effects. High levels of CBZ 
cause sedation, vertigo, and ophthalmoplegia resulting 
in the “3-D” triad of drowsiness, dizziness, and diplo-
pia (6, 8, 23, 106). Brief episodes of toxicity can result 
from transient elevations of CBZ concentrations due to 
fluctuations between doses (69, 105–107). In these situ-
ations it is necessary to administer smaller, more frequent 
doses—or better yet, switch to a slow release CBZ for-
mulation. When concentrations are less than 8 �g/mL,
dose-related side effects are uncommon unless therapy 
has been initiated rapidly with high doses or unless the 
patient is taking other medications that have side effects 
that are additive to the side effects of CBZ (56, 108). 
Overdoses have been associated with symptoms resem-
bling the central anticholinergic syndrome similar to that 
caused by tricyclic antidepressants (109, 110).

Whereas high concentrations are likely to cause 
neurologic side effects, at usual concentrations CBZ 
appears to have few if any effects on cognitive function 
(104, 111, 112).

Hyponatremia caused by CBZ occurs in patients 
of any age (113) but is more common among the elderly 
(114, 115). It is usually mild and asymptomatic in chil-
dren (116). Oxcarbazepine is much more likely to cause 
hyponatremia than CBZ and can be problematic (116). 
Interestingly, CBZ-induced hyponatremia is said to be 
reversed by phenytoin (117).

Chronic side effects of CBZ differ from other anti-
convulsants. In contrast to phenobarbital and phenyt-
oin, CBZ monotherapy has not been associated with 
anticonvulsant-induced osteomalacia (118, 119, 120). 
Similarly, among the antiepileptic drugs CBZ is one of the 
least likely to cause cosmetic side effects. Gingival hyper-
plasia is not a problem with CBZ monotherapy (121).

Carbamazepine variably affects other laboratory 
tests. It lowers the plasma concentrations of thyroid-bind-
ing globulin and both bound and unbound T4 and T3 
(122), but clinical hypothyroidism is rare among patients 
taking CBZ. Among the anticonvulsants used to treat 
major seizures, CBZ is least likely to elevate the gamma 
glutamyl transpeptidase (123).

Idiosyncratic neurologic adverse reactions include 
behavioral reactions, tics, asterixis, dystonia, and wors-
ening of seizures, especially atonic or astatic seizures in 
children with Lennox-Gastaut syndrome (3, 124–127). 
Dystonia induced by CBZ at usual doses in brain-damaged 
children is rare and apparently idiosyncratic (128);  it is 
more common with CBZ poisoning and high levels (129). 
Patients with cerebellar atrophy develop gaze-evoked nys-
tagmus, dizziness, and ataxia at lower CBZ doses and 
levels than patients who have normal magnetic resonance 
imaging (130). Acute idiosyncratic, adverse behavioral 
reactions have occurred among children with psychiatric 
disorders. Silverstein et al (131) reported episodic bizarre 
behavior among seven pediatric patients after CBZ was 
added. However, five of the seven children tolerated CBZ 
when it was reintroduced later.

Hematologic side effects. Severe idiosyncratic 
hematologic toxicity such as aplastic anemia, agranu-
locytosis, or thrombocytopenia is rare among patients 
taking CBZ (132–136). The incidence of these compli-
cations has been estimated to be less that 1 per 50,000 
(137). Thus in spite of previous concerns, experience has 
shown CBZ to be safe.

On the other hand, CBZ is associated with a dose-
dependent reduction in neutrophil counts in 10% to 
20% of patients. In adult psychiatric patients leukopenia 
occurred in 2.1% of patients who took CBZ and was 
approximately seven times more likely with CBZ than 
with valproate or with antidepressants (138). For example, 
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in one study of 200 children taking CBZ, leukopenia 
(white blood count �4,000 per mm3) occurred in 17% 
of patients less than 12 years old and 8% of children aged 
12 to 17 years (138). These changes sometimes persist but 
usually do not forebode serious problems (7). Rarely does 
the neutrophil count decline below 1,200/mm3 (139). For 
this reason the justification for costly, routine monitoring 
of blood counts has been questioned (137).

Although there is agreement about obtaining base-
line blood counts, there is no consensus about how often 
blood counts should be determined during CBZ therapy 
(137, 138). Some authorities almost never obtain blood 
counts;  others do them weekly at the onset of CBZ ther-
apy and then monthly. Emphasizing that many factors 
influence the white blood count simultaneously, Silver-
stein et al recommended doing blood counts monthly 
during the first six months of therapy and every three 
months thereafter (138).

When starting CBZ, I check blood counts at baseline 
and after 6 weeks, 3 months, and 6 months if the counts 
are adequate. If the leukocyte count is consistently at 
or greater than 3,500/mm3 and the granulocytes above 
1,200, the frequency of the measurements can be reduced. 
Because of the possibility of a spurious laboratory result, 
neutrophil counts lower than 1,200/mm3 and leukocyte 
counts of less than 3,500/mm3 should be repeated to 
confirm the finding before therapy is modified. If the 
neutrophil count is confirmed to be less than 1,200/mm3,
the frequency of the observations should be increased. 
The dose should be reduced or stopped if the neutrophil 
count is persistently less than 900/mm3.

If both anemia and neutropenia occur, obtaining 
a reticulocyte count, serum iron concentration, and 
iron-binding capacity provides an indirect indication of 
hematopoietic activity. The combination of a normal or 
elevated reticulocyte count with a normal or low iron level 
is reassuring that the bone marrow is active. On the other 
hand, a low reticulocyte count plus an increased serum 
iron concentration indicate that hematopoietic activity is 
reduced. If this occurs, CBZ should be stopped promptly 
and a hematologist should be consulted regarding a bone 
marrow evaluation.

Allergic rash is the most common reason that patients 
are intolerant of CBZ. The incidence of rash has varied 
from 4% to 10% in various series (12, 18) and may result 
from the intradermal production of reactive CBZ metabo-
lites (140). Data from Saskatchewan indicate that the risk of 
serious rash is about the same with CBZ as with phenytoin, 
approximately 1 to 4 per 10,000 (141). Most CBZ-induced 
rashes abate after CBZ is discontinued, but severe rashes 
have been described (142, 143). Approximately 1 in 3,000 
patients who are treated for epilepsy develop hypersensi-
tivity to multiple antiepileptic drugs that have aromatic 
structures, including phenytoin, primidone, and phenobar-
bital along with CBZ and in some cases sulfonamides (140, 

144–146). When multiple drug sensitivities occur, valproate 
and clobazam have been recommended (147).

Hypersensitivity reactions characterized by fever, 
renal, and hepatic toxicity are very rare (136, 148–150). 
Hepatotoxicity due to CBZ like that caused by phenytoin 
usually has occurred in the setting of a generalized hyper-
sensitivity response (151). Most of the patients who have 
developed CBZ-induced hepatic dysfunction have taken 
it for less than 1 month and usually have associated fever 
or rash (152, 153). The hepatic histopathology usually 
indicates an inflammatory granulomatous infiltrate, but 
a different pathologic picture consistent with chemical 
hepatic insult also occurs (154). Furthermore, some cases 
have occurred when CBZ was administered with other 
potentially hepatotoxic agents such as isoniazide (155). In 
either case, fatalities are uncommon if the drug is stopped 
promptly (156, 157).

Carbamazepine therapy has been associated with 
erectile dysfunction possibly due to CBZ-induced hepatic 
synthesis of sex hormone-binding globulin and that 
potentially could lead to reduced unbound concentra-
tion of testosterone (158).

Other rare idiosyncratic reactions include sys-
temic lupus erythematosus (SLE) and pseudolymphoma 
(159–162). Most of the cases of pseudolymphoma seem to 
be manifestations of the CBZ hypersensitivity syndrome.

Monotherapy

Monotherapy with CBZ is often superior to poly-
therapy. Approximately 80% of patients with only gener-
alized tonic-clonic seizures (grand mal) can be controlled 
with CBZ alone as can 69% of patients with partial sei-
zures of certain types (16). The most difficult patients are 
those who have both partial and secondarily generalized 
seizures in whom single drug therapy succeeds in less than 
half. Although most authorities agree that these types of 
patients deserve a trial of therapy with drug combina-
tions, all patients should have a diligent trial of monother-
apy before resorting to polytherapy. Among patients with 
severe epilepsy, combinations of CBZ, phenytoin, and 
phenobarbital are more efficacious than monotherapy, 
but severe side effects are prevalent. Cereghino et al (163) 
found that 68% of adults who took these drugs concur-
rently had excessive sleepiness, malaise, and impaired 
abilities to conduct their daily activities.

In the end the impairment due to neurotoxicity must 
be weighed against the handicap caused by the seizures. 
The regimen that allows the patient to function opti-
mally is best. Many patients with persistent seizures and 
side effects taking polytherapy are better off after having 
their regimens simplified (164, 165). Schmidt was able to 
switch 83% of patients with intractable complex partial 
seizures from two medications to CBZ monotherapy with 
fewer side effects but no increase in seizure frequency; 
36% had fewer seizures (166). In another series, 75% of 
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280 patients had adequate seizure control with mono-
therapy (155). In yet another series involving mentally 
retarded institutionalized patients, seizure control was 
no different on monotherapy versus polytherapy (167). 
Thus many patients who are having both side effects and 
seizures benefit from simplified regimens.

OXCARBAZEPINE

Oxcarbazepine (OXC;  Trileptal) is the 10-keto analog 
of CBZ. It has gained wide acceptance and use for treat-
ment of epilepsy with partial onset seizures (168–170). 
The main advantages of OXC over CBZ are its relatively 
reduced capacity for induction of hepatic cytochrome drug 
metabolizing enzymes resulting in fewer drug interactions 
and reduced risk of allergic rash (171, 172). Unlike CBZ, 
oxcarbazepine does not induce its own metabolism and 
autoinduction is not an issue. Oxcarbazepine and CBZ 
appear to share the same mechanisms of action and act to 
limit high frequency firing by acting on voltage-dependent 
sodium channels (173). Although case reports and uncon-
trolled studies have suggested that OXC might be beneficial 
in childhood bipolar disorder (174), prospective controlled 
trials are generally lacking or negative. In one report OXC 
was inferior to valproate and was associated with increased 
aggression (175, 176). In animal models of combination 
antiepileptic therapy studied by isobolographic analysis, 
combinations of OXC with topiramate were favorable 
whereas OXC with either felbamate or lamotrigine were 
unfavorable due to additive neurotoxicity that was dispro-
portionately greater than efficacy (177).

Biotransformation, Pharmacokinetics, and 
Interactions in Humans

Oxcarbazepine is well absorbed after oral administra-
tion and then it is rapidly converted by cytosolic arylk-
etone reductase to the active 10-monohydroxy derivative 

(MHD), which is responsible for most of the antiepilep-
tic effect (178) (Figure 42-1). Concentrations of MHD 
peak 4 to 12 hours following oral doses of OXC (179). 
Concentrations of both compounds are linearly related 
to dose and have been reported to be little affected by 
interactions with hepatic enzyme-inducing agents (179). 
Neither compound is highly protein bound, with OXC 
being 60% bound and MHD 40% bound (180). Whereas 
the half-life of OXC is 1 to 2.5 hours, the half-life of 
MHD is 8–10 hours in children (181, 182) with lon-
ger values reported in normal volunteers, adults, and 
elderly patients (179). Moreover, as with other antiepi-
lepsy drugs (AEDs), younger children eliminate OXC and 
MHD faster than older children and adults, with young 
children (age 2–5 years) having half-lives for MHD that 
were 30% shorter than those found in older children (age 
6–12 years) (183, 184). Although the conversion of OXC 
to MDH results in a racemic mixture of enantiomers 
with the dextrorotary isomer being produced in fivefold 
greater amounts than the levorotary isomer (185, 186), 
both stereoisomers are active antiepileptic agents. The 
MHD is eliminated mainly in urine after conjugation to 
glucuronic acid. Mild to moderate hepatic dysfunction 
has no effect on OXC and MHD elimination, but renal 
impairment can necessitate reducing the dose (179). The 
therapeutic range of MHD has been proposed to be 50 to 
140 �mol/L (187) or 15–35 mg/L (179). Oxcarbazepine 
and MDH can be monitored in saliva (188, 189). Both 
OXC and MHD cross the placenta and also enter breast 
milk in concentrations roughly half of those in plasma 
(190, 191). Clearance of OXC and MHD increases during 
pregnancy, causing levels to decrease. The extent of this 
decrease was greater with OXC monotherapy than with 
other AEDs and the risk of seizures was higher (192).

Both OXC and its metabolite have a spectrum of 
activity that is similar to CBZ. Oxcarbazepine is effective 
as add-on therapy in refractory seizures and as initial 
monotherapy in new onset seizures (193). Although OXC 
and CBZ seem to share common mechanisms of action, 

FIGURE 42-1

Structures of oxcarbazepine and its 10-monohydroxy derivative.
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some patients who are inadequately treated with CBZ 
improved after they were switched to OXC (194). In a 
double-blind, randomized study that compared OXC to 
phenytoin in 193 children aged 5 to 18 years with new 
onset partial or generalized tonic-clonic seizures, efficacy 
was equivalent, with approximately 60% of subjects in 
each group becoming seizure free (195). However, oxcar-
bazepine was better tolerated as demonstrated by more 
subjects discontinuing phenytoin due to adverse effects.

Oxcarbazepine Drug Interactions

Oxcarbazepine inhibits CYP2C19 and, although 
usually clinically irrelevant, it can increase phenytoin 
concentrations when phenytoin levels are high to begin 
with. Both OXC and MHD can induce UDP-glucuronyl 

transferase activity. Oxcarbazepine usually has little or 
no effect on concentrations of valproate, phenobarbital, 
CBZ, and low concentrations of phenytoin;  however, 
each of these compounds can decrease the concentra-
tion of MHD by 20% to 40% (196). Interactions with 
lamotrigine have been reported to be negligible among 
psychiatric patients (197). Oxcarbazepine also induces 
CYP3A4/5, whereby it can lead to reduced concentrations 
and effectiveness of low estrogen dose oral contraceptives 
(179, 198, 199).

Adverse effects. Studies of cognitive adverse effects 
of CBZ and OXC have found no differences (200). Like 
CBZ, OXC has been reported to exacerbate seizures in 
patients with idiopathic epilepsy, including some patients 
with benign partial epilepsy of childhood (5, 201–203). 
Oxcarbazepine has a lower incidence of allergic reac-
tions and is less neurotoxic (204–207). However, it causes 
symptomatic hyponatremia more frequently than CBZ 
(205–208), with hyponatremia (�125 mEq/L) occurring 
in 3% of subjects in initial clinical trials (208). Neuro-
logic side effects are most common and include dizziness, 
headache, diplopia, ataxia, fatigue somnolence, and rash 
followed by gastrointestinal side effects of nausea and 
vomiting (174, 177, 209, 210). Rashes reported with 
OXC include Stevens-Johnson syndrome and toxic epi-
dermal necrolysis in addition to milder maculopapular 
eruptions (197). Among patients who have had allergic 
reactions to CBZ, the risk of allergic cross-reactivity with 
OXC is 25% (197). As with patients taking CBZ mono-
therapy, those taking OXC monotherapy also are prone 
to have reduced concentrations of 25-OH vitamin D, 
which if untreated heightens the risk of osteopenia (211). 
In contrast to valproate, OXC treatment of girls aged 8 
to 18 years was not associated with increased body mass 
index (212).

TABLE 42-4
Reference Information for Oxcarbazepine

OXCARBAZEPINE (OXC)

Molecular weight 252.27
Conversion factor CF 	 1,000/252.27 	 3.96
Conversion �g/mL or mg/L � 3.96 	 �mol/L

10-MONOHYDROXY DERIVATIVE METABOLITE (MHD)

Molecular weight  253.27
Conversion factor 1,000/253.27 	 3.95
Conversion �g/mL (or mg/L) � 3.95 	 �mol/L
Cmax of MHD In 3–4 hours 
Kinetics Linear
MHD half-life 8–10 hours (adults)
Time to steady state 2–3 days

From (181).
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ETHOSUXIMIDE

Chemistry, Animal Pharmacology, and 
Mechanism of Action

Ethosuximide (ESM) is 2-ethyl-2-methyl succinimide, 
a white crystalline powder with a molecular weight of 
141.7. The conversion factor from milligrams (mg) to 
micromoles (�mol) is 7.08 (i.e., 1 mg/L 	 7.08 �mol/ L). 
In animal models, ESM is highly effective against 
pentylenetetrazol-induced seizures and other models 
considered to reflect efficacy against absence seizures, 
including genetically epilepsy-prone rodents, but ESM is 
ineffective against seizures induced by maximal electro-
shock, bicuculline, and N-methyl-D-aspartate (1). In view 
of ESM’s narrow clinical spectrum mostly against absence 
seizures, this selective activity in experimental models has 
been considered to be a typical example of parallelism 
between clinical and experimental spectra of activity.

No single unifying mechanism of action of etho-
suximide has been identified. The prevailing hypothesis 
is that thalamic low-threshold T-calcium channels (T for 
“transient” or “tiny” channels) are involved. It has been 
demonstrated that ethosuximide, at therapeutic concen-
trations, can either reduce the number or reduce the con-
ductance of these channels (1–3). However, other studies 
in thalamocortical neurons of rats revealed an inhibitory 
effect of ethosuximide on so-called noninactivating sodium 
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currents and on calcium-dependent potassium channels, 
but not on low-threshold calcium channels (4).

Biotransformation, Pharmacokinetics, 
and Interactions

Biotransformation. Ethosuximide is mostly metabo-
lized by the liver, with only about 20% being excreted 
unchanged by the kidneys during chronic intake. The 
main metabolic pathway consists of hydroxylation and 
then glucuronidation of the metabolites (5–7). The prin-
cipal cytochrome P450 oxidase involved is CYP3A. No 
active metabolites have been identified.

Pharmacokinetics. The bioavailability of ethosuxi-
mide is considered to be complete, and was shown to 
be equivalent for capsules and syrup (6). Peak levels are 
reached 3–5 hours after intake, slightly faster with the 
syrup than with the capsules. The apparent volume of 
distribution of ethosuximide is about 0.7 L/kg throughout 
age ranges. Because of lack of binding to plasma proteins, 
concentrations of ethosuximide in the cerebrospinal fluid 
(CSF), tears, and saliva are similar to the plasma concen-
tration, and those in breast milk are only 10% to 20%
lower (6, 8). Serum ethosuximide concentrations in 
breast-fed infants amount to about 30% to 50% of the 
levels of their mothers (8).
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The elimination half-life of ethosuximide was found 
to be 40 to 60 hours in adults and 30 to 40 hours in 
children, with linear kinetics and no evidence of autoin-
duction (6 ) (Table 43-1). Accordingly, steady-state levels 
are reached after 7 to 10 days of daily intake of a stable 
dose. As with most antiepileptic drugs, the level-to-dose 
ratio may decrease during pregnancy (8).

Interactions. Enzyme-inducing drugs such as phenytoin, 
phenobarbital, and carbamazepine can increase the 
clearance and thus decrease the level-to-dose ratio of 
ethosuximide (9, 10). Inversely, valproate can inhibit 
the metabolism of ethosuximide and, at times, signifi-
cantly raise its plasma level (11). Isoniazid can signifi-
cantly raise the levels of ethosuximide (12), whereas 
rifampin may cause a significant decrease in ethosuxi-
mide levels (13). Ethosuximide is not known to affect 
the clearance or levels of any other drug. In particular, 
there is no known interaction between ethosuximide 
and oral contraceptives.

Clinical Efficacy

Absence Seizures. Ethosuximide has been used clini-
cally since 1958, mostly as a drug of first choice for 
typical absence seizures, in particular childhood absence 
epilepsy (14–16). Other seizure types that may be favor-
ably influenced by ethosuximide include atypical absence 
and myoclonic seizures, as well as drop attacks.

In the treatment of typical absence seizures, etho-
suximide was shown to achieve a seizure reduction of at 
least 90% in one-half of the patients, and a reduction of 
the seizure frequency by at least 50% in 95% of patients 
(14–16). It appears that response rates improved as more 
patients achieved levels greater than 40 mg/L. The effi-
cacy of ethosuximide and valproate against absence sei-
zures has been compared in at least two studies, which 
revealed no difference between the two drugs (17, 18). 
Sixteen patients not previously treated for absence 
seizures and 29 refractory patients were enrolled in a 
double-blind cross-over study of ethosuximide and val-
proate (18). Frequency and duration of generalized spike-
wave bursts on electroencephalographic (EEG) telemetry 
was used as the measure of efficacy. Ethosuximide and 
valproate were equally effective in previously untreated 
patients. No difference in efficacy against absence sei-
zures between valproate, lamotrigine, and ethosuxi-
mide could be demonstrated in a recent review of the 
available evidence (19). This lack of difference could be 
explained by the methodological quality or statistical 
power of the studies. Reported evidence suggests that, 
when ethosuximide and valproate alone are ineffective in 
fully controlling absence seizures, the combination of the 
two may be effective (20). This observation is in agree-
ment with experimental evidence from studies in mice 
that revealed a beneficial pharmacodynamic interaction 
between ethosuximide and valproate (21). The thera-
peutic effects of this combination was additive, whereas 
toxic effects were less than additive, and this resulted in 
a favorable therapeutic ratio.

Absence status and atypical absence seizures may 
also respond favorably to high concentrations of etho-
suximide, although both are generally less responsive to 
treatment than typical absence seizures (16).

Other Uses of Ethosuximide in the 
Treatment of Seizures

Myoclonic seizures associated with various epileptic 
syndromes, such as Lennox-Gastaut syndrome, severe 
myoclonic epilepsy of infancy, juvenile myoclonic 
epilepsy, and myoclonic astatic epilepsy, may also at 
times respond to ethosuximide (16, 22, 23). A favor-
able response has been reported with both positive and 
negative myoclonus (24). Ethosuximide has a role as 
adjunctive treatment in the management of the Lennox-
Gastaut syndrome. In addition to its contribution to a 
reduction in the atypical absences and the myoclonic 
seizures, it can be helpful in reducing the frequency of 
the debilitating drop attacks (25). Two patients with 
Angelman syndrome and atypical absence seizures that 
were refractory to valproate had an excellent response 
to the addition of ethosuximide when levels greater than 
100 mg/L were achieved (26).

TABLE 43-1
Clinical Summary of Ethosuximide

Elimination half-life (hours)
  Adults 40–60
  Children 30–40
Time to steady-state level  7–10
 (days) 
Suggested therapeutic  40–100
 range (mg/L) 
Initial dose
  Adults (mg/day) 250
  Children (mg/kg/day) 5–10
Target dose
  Adults (mg/day) 750–1,000
  Children (mg/kg/day) 20–30
Common preparations 250 mg capsules
 250 mg/mL syrup
Adverse effects Gastrointestinal upset, 
  vomiting, hiccups, 
  headache, fatigue, 
  ataxia, depression, 
  psychosis, rare bone 
  marrow depression
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Adverse Effects

Gastrointestinal Adverse Effects. Benign and fully 
reversible gastrointestinal side effects are by far the most 
common adverse reactions to ethosuximide (27). They 
include mostly abdominal discomfort, vomiting, diar-
rhea, and hiccups. Some of these effects can improve 
when the medication is taken at the end of a meal.

Neurologic Adverse Effects. The neurologic side effects 
of ethosuximide can include headaches, sedation, drowsi-
ness, fatigue, insomnia, and ataxia. Rarely behavioral dis-
turbances may occur, including nervousness, irritability, 
depression, hallucinations, and even psychosis (12, 28). 
Psychosis has been found to occur in conjunction with 
eradication of seizure acitivity, a phenomenon for which 
the term “forced normalization” has been coined (29). 
Occasionally, ethosuximide may also cause extrapyrami-
dal reactions, such as dyskinesia (30, 31).

Idiosyncratic Adverse Effects. Ethosuximide has been 
associated with a dose-related reversible granulocytopenia 
(26), but very rarely also with more severe bone marrow 
reactions such as granulocytopenia, thrombocytopenia, 
or pancytopenia (32). Clinical alertness to possible signs 
and symptoms is likely to be more effective in recognizing 
such occurrences than routine monitoring of the blood 
count (33). Other reported rare idiosyncratic reactions 
have included systemic lupus erythmatosus (34, 35) and 
Stevens-Johnson syndrome.

Effect on Offspring. Although malformations have 
been described in infants whose mothers were treated 
with ethosuximide, this could not be attributed specifi-
cally to ethosuximide alone (8). Ethosuximide crosses the 
placenta readily. Levels in the milk and in the plasma of 
breast-fed infants have been discussed in the section on 
pharmacokinetics.

Clinical Use

The main indication of ethosuximide is in the treat-
ment of childhood absence epilepsy, for which it is a 
drug of first choice. For this indication, ethosuximide 
is an effective drug, with mostly benign side effects and 
only extremely rare severe adverse reactions. However, 
it should be considered as initial monotherapy only in 
those children with childhood absence epilepsy who have 
never experienced a generalized tonic-clonic seizure, 
against which ethosuximide has no protective effect. 
Patients with childhood absence epilepsy are at risk for 
generalized tonic-clonic seizures, especially during the 
second decade of life. This is also true for patients with 
juvenile absence epilepsy. Therefore, when treatment of 
absence seizures is considered or reconsidered in patients 

older than the age of 10 years, a drug with the appropri-
ate broader spectrum of activity should be used, such 
as valproate or lamotrigine, or ethosuximide should be 
combined with another drug that does provide protec-
tion against generalized tonic-clonic seizures.

Other clinical uses of ethosuximide have been dis-
cussed in the section on efficacy. In these conditions, 
such as absence status epilepticus, myoclonic seizures in 
various epilepsy syndromes, atypical absence seizures, 
and drop attacks in Lennox-Gastaut syndrome, etho-
suximide is almost invariably used as adjunctive therapy, 
because these seizures are generally more refractory to 
medications and because they tend to occur in conjunc-
tion with other seizure types that do not benefit from 
ethosuximide.

The initial target dose of ethosuximide is about 
20–30 mg/kg/day. It is best to initiate treatment at one-
third of this dose, preferably after meals, with two sub-
sequent increases by the same amount at intervals of 
5–7 days. Available ethosuximide preparations include 
250-mg liquid-filled capsules and 250 mg/5 mL syrup. If 
capsules are preferred, but the patient’s weight requires 
increments of 125 mg, the capsules can be frozen and 
then easily cut in half. The total daily dose can be divided 
into two daily doses, or also into three daily doses if this 
makes it easier for the child to take the medication or if it 
can be shown to improve gastrointestinal side effects. In 
absence epilepsy, a response is often noted by parents or 
teachers within a few days, and provocation of seizures by 
forced hyperventilation also subsides. In addition, child-
hood absence epilepsy is one of the rare epilepsies in 
which a dramatic EEG improvement accompanies clini-
cal improvement. Nevertheless, the EEG response may 
be incomplete, even if the observable clinical response 
is complete. Therefore, it is recommended to record an 
EEG after the patient has achieved full clinical control, 
and the goal of therapy should be normalization of the 
EEG, if possible (36). If there is doubt as the whether the 
patient is free of seizures, a 24-hour ambulatory EEG 
may be quite helpful.

The suggested therapeutic range of ethosuximide 
plasma levels is 40–100 mg/L (300–700 µmol/L), but 
levels below 40 may be fully effective, and levels as high 
as 150 may be necessary and well tolerated. There are 
no clear guidelines regarding the need to monitor blood 
counts for the rare occurrence of bone marrow suppres-
sion, and clinical education and observation is likely to 
provide the best probability of early detection. Once 
the patient is under good control, there is no need to 
monitor plasma levels routinely, unless there is a specific 
question that could be answered by a level. In seizure-
free patients with normalized EEG, ethosuximide can be 
gradually tapered over about 6 weeks after 2 years with-
out seizures, or possibly even after 1 year (37). Because 
seizure recurrence may be subtle clinically, or significant 
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subclinical spike and wave discharges may require rein-
troduction of therapy, it is good practice to repeat an EEG 
1–3 months after ethosuximide has been discontinued.

METHSUXIMIDE

Chemistry, Animal Pharmacology, and 
Mechanism of Action

Methsuximide is N,2-dimethyl-2-phenyl-succinimide and 
has a molecular weight of 203.23. The conversion factor 
from milligrams (mg) to micromoles (�mol) is 4.92 (i.e., 
1 mg/L 	 4.92 �mol/L). The efficacy of methsuximide 
in animal models and mechanisms of action are similar 
to those of ethosuximide, but the therapeutic index is 
slightly lower (38).

Biotransformation, Pharmacokinetics, 
and Interactions

In the liver, methsuximide is rapidly converted to the active 
metabolite N-desmethylmethsuximide (39), which is then 
further hydroxylated before renal elimination (40). Less 
than 1% of the methsuximide dose is excreted unchanged 
by the kidneys. Peak levels of N-desmethylmethsuximide 
are reached after 1 to 4 hours (41). The plasma half-life 
of methsuximide is only 1.0–2.6 hours, with no significant 
accumulation, whereas the elimination half-life of N-des-
methylmethsuximide has been found to be 34–80 hours in 
adults and 16–45 hours in children (38, 41) (Table 43-2). 
In human plasma, N-desmethylmethsuximide is 45% to 
60% protein bound (42). The suggested therapeutic range 
of N-desmethylmethsuximide is 10–40 mg/L.

In terms of pharmacokinetic interactions, phe-
nytoin and phenobarbital can raise the levels of N-
desmethylmethsuximide, and methsuximide can inversely 
also raise the levels of phenytoin and phenobarbital, 
including Phenobarbital-derived from primidone (43, 44). 
These interactions may be due to competition for enzyme 
binding. However, methsuximide may also act as an enzy-
matic inducer, because it can lower levels of carbamaze-
pine (44, 45) and of lamotrigine (46, 47).

Clinical Efficacy

Methsuximide has been used clinically since 1956. In the 
treatment of absence seizures, published evidence suggests 
that methsuximide is less effective than ethosuximide, 
achieving seizure control in one-third or fewer of the 
patients (38, 48). However, in contrast to ethosuximide, 
methsuximide has been shown repeatedly to have a role 
as adjunctive therapy in the treatment of complex par-
tial seizures, with responder rates (
50% seizure reduc-
tion) of at least one-third and up to 80% (44, 48, 49). 

Some success with methsuximide has also been reported 
in children having astatic/myoclonic, tonic, and atypi-
cal absence seizures (45), as well as in the treatment of 
juvenile myoclonic epilepsy (50). Methsuximide has been 
recommended as a fourth line drug in a review on the 
treatment of Lennox-Gastaut syndrome (23).

Adverse Effects

Gastrointestinal and neurologic side effects of methsuxi-
mide are very similar to those of ethosuximide, but they 
tend to be more pronounced and less readily reversible 
without discontinuation of the drug (27). In addition, 
attacks of hepatic porphyria may be precipitated by meth-
suximide (51).

Clinical Use

The target dose of methsuximide is 10–30 mg/kg/day. In 
children, the drug is often introduced as 150 mg once daily 
after dinner, with weekly dosage increases by 150 mg/day 
up to the target dose. Because of the long half-life of 
N-desmethylmethsuximide, the medication can be taken 
twice daily. The recommended range for plasma levels of 
N-desmethylmethsuximide is 10–40 mg/L. When meth-
suximide is taken as adjunctive therapy, attention must be 
paid to the pharmacokinetic interactions described previ-
ously, and the dosages and levels of both methsuximide 

TABLE 43-2
Clinical Summary of Methsuximide

Elimination half-life of 
 N-desmethylmethsuximide 
 (hours)
  Adults 34–80
  Children 16–45
Time to steady-state  8–16
 level (days) 
Suggested therapeutic range of  10–40
 N-desmethylmethsuximide 
 (mg/L)
Initial dose
  Adults (mg/day) 300
  Children (mg/kg/day) 5–10
Target dose
  Adults (mg/day) 600–1,200
  Children (mg/kg/day) 10–30
Common preparations 150- and 300-mg 
  capsules
Adverse effects Gastrointestinal 
  upset, vomiting, 
  hiccups, 
  drowsiness, 
  depression
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and the other antiepileptic medications may have to be 
followed and adjusted as necessary. This may help with 
the management of side effects, which could be caused 
also by changes in concentrations of other medications.

TRIMETHADIONE

Oxazolidinediones have a historic role as the first genera-
tion antiabsence drugs. They were essentially replaced 
by the mid-to-late 1960s by the succinimides because of 
the substantially improved safety and tolerability pro-
file of the latter. The oxazolidinediones are covered here 
mainly for historic reasons and not for the purpose of 
recommending trimethadione as an alternative to etho-
suximide.

Chemistry, Animal Pharmacology, and 
Mechanism of Action

Trimethadione is 3,5,5-trimethyl-1,3-oxazolidine-2, 
4-dione and has a molecular weight of 143.15. The con-
version factor from milligrams (mg) to micromoles (�mol) 
is 6.99 (i.e., 1 mg/L 	 6.99 �mol/L). The main active 
metabolite, dimethadione (5,5-dimethyloxazolidine-2,
4-dione), has a molecular weight of 129.12. The conver-
sion factor from milligrams (mg) to micromoles (�mol)
is 7.75 (i.e., 1 mg/L 	 7.75 �mol/L). Like ethosuximide 
and methsuximide, trimethadione is effective against 
pentylenetetrazole-induced seizures but not against 
maximal electroshock-induced seizures (52). In addi-
tion, like succinimides, dimethadione was shown to 
block calcium currents in thalamic neurons (53) and in 
spinal neurons (54).

Biotransformation, Pharmacokinetics, 
and Interactions

Trimethadione is almost entirely converted to dimetha-
dione in the liver, and less than 5% of an oral dose of 
trimethadione is excreted unchanged by the kidneys (55). 
Dimethadione is excreted mostly unchanged by the kid-
neys. Protein binding of both trimethadione and dimetha-
dione is low. The plasma half-life of trimethadione in 
healthy adults was found to be 11–16 hours, and the 
half-life of dimethadione is much longer, 6–13 days (56) 
(Table 43-3). Pharmacokinetic interactions with other 
antiepileptic drugs are not known.

Clinical Efficacy and Use

Trimethadione has been used clinically since 1945 and 
was the first drug with a specific effect against absence 
seizures (57). The spectrum of activity of trimethadione 
and dimethadione is narrow, with no clear evidence of 

efficacy other than against absence seizures, although 
their use has been suggested for the other seizure types in 
patients with Lennox-Gastaut syndrome (58). Best results 
in the treatment of absence seizures have been observed 
at levels of dimethadione between 470 and 1,200 mg/L 
(59–61). The starting dose of trimethadione is about 20 
mg/kg/day, and the dose may be increased gradually at 
intervals of 2 weeks up to 60 mg/kg/day, if tolerated. 
It is usually given twice daily, although the half-life of 
dimethadione should allow once-daily intake.

Adverse Effect

Trimethadione has several side effects (56). They include 
the common side effects of many antiepileptic medica-
tions, such as fatigue, sedation, dizziness, ataxia, skin 
rash, and exfoliative dermatitis. Hemeralopia (day 
blindness) and photophobia can occur in one-third of 
patients. Other more specific adverse reactions include a 
nephrotic syndrome, bone marrow depression, systemic 
lupus erythematosus, and a myasthenic syndrome. Close 
monitoring of blood counts and kidney function are nec-
essary. Above all, trimethadione is probably the most 
teratogenic antiepileptic drug (62, 63). The “fetal tri-
methadione syndrome” includes, among other features, 
intrauterine growth retardation, microcephaly, cardiac 
malformations, malformed ears, and mental retardation. 

TABLE 43-3
Clinical Summary of Trimethadione and 

Dimethadione

Elimination half-life of:
  Trimethadione 11–16 hours
  Dimethadione  6–13 days
Time to dimethadione  20–30
 steady-state level (days)
Suggested therapeutic range  500–1,200
 of dimethadione (mg/L)
Initial dose (mg/kg/day) 20
Target dose (mg/kg/day) 60 (max 2,400)
Adverse effects Day blindness 
  (hemeralopia), 
  photophobia, 
  dermatitis, Stevens-
  Johnson syndrome,
  bone marrow 
  depression, nephrotic
  syndrome, myasthenic
  syndrome, pronounced
  teratogenicity (fetal 
  trimethadione 
  syndrome)
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Less frequent fetal anomalies include genitourinary mal-
formation, epicanthal folds, broad nasal bridge, and cleft 
palate. Some or all of the features are seen in the offspring 
of more than two-thirds of pregnant women taking the 
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drug during pregnancy. It is extremely important to dis-
cuss this issue before and during treatment with metha-
diones with any female patient of childbearing potential 
or with her parents.
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Felbamate

t the time of its release in North 
America in 1993, felbamate was the 
first new antiepileptic drug (AED) in 
15 years. Several relatively unique 

features characterize the development and release of felb-
amate. The clinical trials of felbamate were innovative and 
unconventional. Felbamate was the first AED to undergo a 
double-blind trial in hospitalized patients withdrawn from 
AEDs for presurgical long-term monitoring. It was also the 
first AED submitted to double-blind monotherapy trials. 
Finally, the efficacy of felbamate was assessed in the first 
placebo-controlled trial conducted in children with the 
Lennox-Gastaut syndrome. After 1 year of very successful 
marketing as a drug with no serious toxicity, felbamate came 
very close to being completely withdrawn from the market 
because of several cases of severe bone marrow and liver 
toxicity, some of which were fatal. The main indication for 
felbamate at the present time is as a third or fourth drug 
in children with the Lennox-Gastaut syndrome and similar 
forms of epilepsy who failed to respond to other AEDs.

CHEMISTRY, ANIMAL PHARMACOLOGY, AND 
MECHANISM OF ACTION

Felbamate is 2-phenyl-1,3-propanediol dicarbamate. 
Like the minor tranquilizer meprobamate, felbamate is 

Blaise F. D. Bourgeois

a dicarbamate. However, felbamate appears to have no 
sedative or tranquilizing properties at therapeutic levels. 
Felbamate was found to have a relatively wide spectrum 
of activity in experimental seizure models. It is effective 
against seizures produced by systemically administered 
chemical convulsants, such as pentylenetetrazole and 
bicuculline, but it is even more potent against seizures 
elicited by maximal electroshock (1). Felbamate was 
also shown to possess antiepileptic activity in kindling 
models (2) and in monkeys with epileptic foci created by 
injection of aluminum hydroxide (3). The neurotoxicity 
of felbamate has been found to be exceedingly low in 
animal models, which resulted in a very high protective 
index (efficacy-to-toxicity ratio) (1). In various animal 
species, repeated administration of felbamate suggested 
an excellent safety profile on various body systems, and 
no tolerance to the antiepileptic effect could be demon-
strated after repeated administration in animals.

Several potential mechanisms of action for the antiepi-
leptic effect of felbamate have been identified. Inhibition of 
glycine-enhanced N-methyl-D-aspartate (NMDA)-induced 
intracellular calcium currents was shown in mice (4). 
Findings regarding the effect of felbamate on the gamma-
aminobutyric acid (GABA) receptor have been contradic-
tory; both a lack of effect on ligand binding to the GABAA
receptor (5) and potentiation of GABA responses at high fel-
bamate concentrations (6) have been reported. In addition, 

A
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inhibition of excitatory NMDA responses was demonstrated 
at high felbamate levels (6). Use-dependent inhibition of 
NMDA currents was also demonstrated at therapeutic con-
centrations of 50–300 µmol/L in rat hippocampal neurons 
(7). The blockade of the NMDA receptors by felbamate may 
selectively affect certain subunits (8). The available informa-
tion suggests that felbamate has a dual action on excitatory 
and inhibitory brain mechanisms.

BIOTRANSFORMATION, 
PHARMACOKINETICS, AND INTERACTIONS

After a single dose of felbamate in humans, approxi-
mately 50% of the drug is excreted in the urine unme-
tabolized and unconjugated. Approximately 12% is 
excreted in the urine as para-hydroxyfelbamate and 2-
hydroxyfelbamate, and most of the remainder of the dose 
is recovered in urine as unidentified polar metabolites, 
some of them being glucuronides or sulfate esters (9). 
Only 2-hydroxyfelbamate and a monocarbamate metab-
olite could be quantified in plasma during chronic therapy 
(10). The concentration of these metabolites is too low 
(approximately 10% of the felbamate concentration) to 
contribute to the clinical effect, even if they were pharma-
cologically active. Because of possible pharmacokinetic 
interactions, these values for the quantitative aspect of 
felbamate biotransformation may be different in patients 
taking enzyme-inducing AEDs concurrently with felb-
amate. In addition, evidence has been found in humans 
suggesting the formation of several other metabolites, 
including atropaldehyde (2-phenylpropenal), which is a 
potentially cytotoxic metabolite of felbamate (11, 12).

The pharmacokinetics of felbamate have been stud-
ied in adults (9,13–17) and in children (16). Based on the 
administration of 14C-labeled felbamate in adults, an oral 
bioavailability of at least 90% was estimated (9). Linear 
absorption at least up to 1,200-mg doses was demon-
strated in single-dose pharmacokinetic studies (13, 14). 
This linearity was also found during chronic administra-
tion at doses of 400 to 3,600 mg/day (16). The time to 
peak concentration is 2 to 6 hours. Felbamate binding to 
serum proteins is approximately 25% and is independent 
of the felbamate concentration (18). The elimination half-
life of felbamate in adult volunteers not taking other med-
ications ranged from 16 to 22 hours (15). The volume of 
distribution was calculated to be 0.76 L/kg in adults and 
0.91 L/kg in children, and, as for most drugs, the clear-
ance of felbamate was found to be higher in children (19). 
Brain concentrations of felbamate have been measured in 
humans and were found to correspond to 60% to 70% 
of concurrent plasma concentrations (10).

The potential pharmacokinetic interactions between 
felbamate and other AEDs have been studied quite exten-
sively, and it has been found that felbamate is the cause as 

well as the object of several pharmacokinetic interactions. 
When felbamate is added to phenytoin monotherapy, phe-
nytoin levels are raised in a dose-dependent manner (20). 
Felbamate at a dose of 1,200 mg/day raised phenytoin 
levels by an average of 24%, and phenytoin levels were 
raised by an additional 20% at a felbamate dose of 1,800 
mg/day. The dose of phenytoin should be reduced by 20% 
or more when felbamate is added (21). The addition of 
felbamate also raises valproate levels, probably through 
an inhibition of the beta-oxidation pathway of valpro-
ate metabolism (22). Valproate levels were found to be 
increased by 28% at a felbamate dose of 1,200 mg/day 
and by 54% at a felbamate dose of 2,400 mg/day (18). 
Inversely, felbamate decreases carbamazepine levels by 
20% to 25%; however, the level of the active metabolite 
of carbamazepine (carbamazepine-10,11-epoxide) was 
found to be raised by 57% after the addition of felbamate 
(23). A similar interaction was reported with clobazam, 
with a decrease in clobazam levels and an increase in N-
desmethyl-clobazam in the presence of felbamate (24). 
In a group of healthy volunteers, felbamate increased the 
area under the phenobarbital plasma concentration-time 
curve by 22% (25), and an elevation of methsuximide lev-
els by felbamate was also described (26). No conclusive 
data are available regarding the effect of felbamate on 
the levels of other AEDs. The clearance of warfarin was 
shown to be decreased by approximately 50% by the 
addition of felbamate (27), and felbamate may accelerate 
the metabolism of oral contraceptive steroids (28, 29).

Other AEDs also affect the elimination of felbamate. 
The apparent total body clearance of felbamate is doubled 
by phenytoin, a known potent enzyme inducer (30). This 
observation suggests that the felbamate dosage require-
ments are doubled by the concomitant administration of 
phenytoin, if the same steady-state serum concentration 
of felbamate is to be maintained. Carbamazepine also 
seems to increase the clearance of felbamate but only by 
about 40% (23). No clinically significant effect of valpro-
ate on the clearance or elimination half-life of felbamate 
was demonstrated (15). A recent observation suggests 
that gabapentin may decrease the clearance of felbamate 
by approximately one-third, with a corresponding 50% 
prolongation of the felbamate half-life (31). If confirmed, 
this would represent the only known pharmacokinetic 
interaction involving gabapentin. Significant pharmaco-
kinetic interactions between felbamate and drugs other 
than AEDs have not been reported.

CLINICAL EFFICACY

Four pivotal double-blind controlled trials provided most 
of the available clinical antiepileptic efficacy data for fel-
bamate: a placebo-controlled trial in patients withdrawn 
from AEDs for presurgical monitoring, two felbamate 
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monotherapy trials comparing felbamate monotherapy 
with low dose valproate monotherapy, and a placebo-
controlled trial in children with the Lennox-Gastaut syn-
drome. The so-called presurgical trial was a novel study 
design. At the end of a period of seizure monitoring with 
partial or complete withdrawal from their conventional 
AEDs, 64 adult patients with documented partial onset 
seizures were randomized to felbamate or placebo (32). 
In addition to their anticonvulsant regimen at the conclu-
sion of the presurgical evaluation, the patients were either 
rapidly titrated to felbamate 3,600 mg/day over 3 days or 
they received placebo. The predetermined efficacy vari-
able of the study was the time to the fourth seizure or 
completion of a total of 28 days with less than four sei-
zures, with an initial 8-day inpatient period. At the end of 
the inpatient period, the dose of one AED was adjusted to 
the premonitoring dose. Thus, patients were discharged 
neither taking placebo alone nor taking placebo with only 
a low dose of anticonvulsant. Patients experiencing four 
seizures within 28 days were restarted on the full dose 
of the medications they were taking before monitoring. 
For patients receiving felbamate, the time to the fourth 
seizure was significantly longer than for those receiving 
placebo. Four seizures within 28 days occurred in 46% 
of the patients taking felbamate as opposed to 88% of 
the patients randomized to placebo. These results clearly 
established that felbamate has antiepileptic activity in 
humans with epilepsy, but they did not demonstrate the 
ability of felbamate to reduce seizure frequency over a lon-
ger period in outpatients not withdrawn from AEDs.

The monotherapy studies were designed to compare 
felbamate with low dose valproate (15 mg/kg/day) against 
partial seizures (33, 34). The design of these studies was 
also novel and unique. After felbamate, 3,600 mg/day, or 
low dose valproate were added in a double-blind parallel 
manner to the previously administered drug, this drug was 
withdrawn over 28 days. Because 50% of the patients 
were to be converted to 15 mg/kg/day of valproate alone, 
the predetermined endpoint and primary efficacy vari-
able consisted of escape criteria (a predefined degree of 
seizure exacerbation). The number of patients meeting the 
escape criteria during the observation period of 112 days 
was significantly higher in the low dose valproate group 
than in the felbamate monotherapy group in both studies, 
showing that felbamate alone has unequivocal efficacy 
over a period of 112 days against focal onset seizures in 
adults. However, it is difficult to derive a quantitative 
assessment of the efficacy. These two studies do not rep-
resent a comparison between felbamate and valproate, 
which was used as a relatively safe placebo. One advan-
tage of such monotherapy studies is that they provide an 
exclusive assessment of the side effects of the new drug 
being tested. Adverse experiences were mild to moderate, 
and their incidence was lower during the monotherapy 
portion of the trial. However, the monotherapy phase 

was after day 28. Most drugs cause more side effects 
during the first month of treatment; therefore, the lower 
incidence of side effects observed after day 28 may also 
be attributed to tolerance and not to the fact that the drug 
regimen had been reduced to monotherapy.

A double-blind, placebo-controlled, add-on study of 
felbamate was carried out in 73 patients with the Lennox-
Gastaut syndrome (mean age, 13 years; range, 4–36 years) 
(35). An observation period of 56 days was preceded by a 
14-day titration period. The previous AED doses remained 
unchanged, and felbamate was titrated to 45 mg/kg/day 
or a maximum of 3,600 mg/day. The total number of sei-
zures during a 4-hour period of video-EEG recording, the 
total number of atonic seizures (drop attacks) as reported 
by the parents or guardians, and the global evaluations 
of the patients’ quality of life were chosen as the primary 
efficacy variables. In terms of the total frequency of sei-
zures, felbamate was significantly superior to placebo and 
was particularly effective in reducing drop attacks, the 
most debilitating seizure type in these patients. There was 
an inverse correlation between felbamate plasma levels 
and the daily number of drop attacks. Additionally, in 
patients receiving felbamate, the global evaluation scores 
were significantly higher than in those receiving placebo. 
When the total number of seizures during a 4-hour period 
of video-EEG recording was compared, no significant dif-
ference between felbamate and placebo was found. The 
most likely cause of this lack of difference is probably 
the high spontaneous day-to-day variability in seizure 
frequency in patients with the Lennox-Gastaut syndrome. 
This study is of particular interest for two reasons: The 
Lennox-Gastaut syndrome is notoriously refractory to 
treatment, and there had been no previous double-blind 
controlled study of any therapeutic modality in this syn-
drome. Significant positive behavioral effects in children 
with Lennox-Gastaut syndrome treated with felbamate 
have also been reported (36).

A double-blind monotherapy study of felbamate in 
children with partial seizures was initiated, but it was 
interrupted when the emergence of serious side effects led 
to marked restrictions on the use and the promotion of 
felbamate. The effectiveness of felbamate as an AED that 
was demonstrated by controlled trials was clearly con-
firmed by clinical experience during widespread use after 
its release. Physicians who have used felbamate in many 
patients with epilepsy comment that felbamate achieved 
remarkable seizure control, even in some patients who 
had been previously refractory to AEDs. In addition, 
uncontrolled reports have suggested that felbamate may 
be effective in the treatment of absence seizures (37), juve-
nile myoclonic epilepsy (38), infantile spasms (39–41), 
and acquired epileptic aphasia (Landau-Kleffner syn-
drome) (42). In 36 pediatric patients with various forms 
of epilepsy, the responder rate (
50% seizure reduction) 
was 69% at 3 months, 47% at 1 year, and 41% at 3 years 
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(43). The authors estimated that the best results had been 
obtained against simple partial seizures with or without 
secondary generalization, as well as against tonic and 
atonic seizures.

ADVERSE EFFECTS

Almost exactly a year after felbamate’s release, it became 
evident that the fate of felbamate would be determined 
much more by its side effects than by its antiepileptic 
efficacy. Felbamate was initially intensely and broadly 
marketed as a safe AED that did not display the toxic 
features of established AEDs and did not require labora-
tory monitoring. The more common side effects of fel-
bamate in adults and in children, in monotherapy and 
with concomitant AEDs, are summarized in Table 44-1 
(44). The higher incidence of side effects during adjunc-
tive therapy is likely to be due to pharmacokinetic and 
pharmacodynamic interactions with other AEDs. The 
gastrointestinal side effects, including anorexia with 
weight loss, have been by far the most prominent of 
these side effects. The quoted numbers of 2% to 3% 

probably underestimate the true incidence of weight loss. 
The weight loss occurs mostly during the first 3 months of 
treatment, with subsequent stabilization, and represents 
approximately 2% to 5% of the body weight. In one 
series of patients, 34% lost more than 4 kg and 11% 
lost more than 8 kg (45). Another significant and rather 
persistent problem in children has been insomnia and irri-
tability. Two children developed involuntary movements, 
consisting of choreoathetosis in one child and an acute 
dystonic reaction in the other child (46). A 15-year-old 
boy taking felbamate was reported to have presented with 
symptomatic ureteral kidney and bladder stones, which 
were identified as consisting of felbamate (47). Crystal-
luria and even renal failure have been observed in cases 
of felbamate overdoses (48, 49).

The first year of postmarketing use revealed that 
felbamate was associated with a relatively high incidence 
of life-threatening side effects. In August of 1994, almost 
a year after the release of felbamate, the number of cases 
of aplastic anemia that had accumulated was such that 
the drug came close to being withdrawn from the market 
(50, 51). The aplastic anemias were diagnosed between 
2.5 and 6 months after the onset of felbamate therapy. 
A warning was mailed to all physicians in the United 
States. In addition, several cases of severe and occasion-
ally fatal hepatotoxicity were reported (52). Promotion of 
felbamate came to a virtual standstill, all ongoing clinical 
trials were suspended, and a warning was included in the 
package insert, requiring frequent laboratory monitoring 
of patients treated with felbamate. Although exact num-
bers are difficult to determine in such cases, and some 
degree of underreporting must be assumed, the reported 
numbers of cases are as follows (51, 53): 34 patients 
with aplastic anemia were reported and 14 have died; 
23 cases were confirmed, of whom 7 have died; among 
18 reported patients with hepatotoxicity, felbamate was 
considered to be the likely cause in 7 (Table 44-2). The 
estimated denominator is a total of 110,000 patients 
treated with felbamate in the United States after its 
release. Using this denominator, the calculated worst-
case risk of developing either one of these two compli-
cations is approximately 1 in 2,700, with a worst-case 
risk of death of approximately 1 in 4,800 (Table 44-3). 
The risk of aplastic anemia could be as much as 10 to 
100 times higher than in the general population and 20 
times higher than with carbamazepine (53). Although 
many children have been treated with felbamate, aplastic 
anemia was not reported in any child younger than the 
age of 13 years. The only other patient younger than 
20 years old was 18 years of age, and this patient was 
also the youngest patient to die from aplastic anemia. If 
the risk of aplastic anemia is discounted, the calculated 
risk of death from a severe felbamate complication in the 
pediatric age range would be approximately 1 per 20,000. 
This number is somewhat lower than the rate of valproate 

TABLE 44-1
Adverse Events Associated with Felbamate Used 
as Adjunctive Therapy and in Monotherapy in 

Adults and in Children

 % PATIENTS WITH

 ADVERSE EVENT

ADVERSE  ADJUNCTIVE

EVENT  THERAPY  MONOTHERAPY

Adults
 Nausea  11  4
 Anorexia  7  3
 Dizziness  6  3
 Vomiting  5  2
 Weight loss  4  2
 Insomnia  4  4
 Diplopia  3  0.5
 Somnolence  3  1
 Headache  3  1
 Dyspepsia  2  1
Children
 Anorexia  6  3
 Somnolence  6  3
 Insomnia  6  1
 Vomiting  3  0
 Weight loss  2  3
 Nausea  2  0
 Gait abnormal  2  0

Source: Bourgeois 1997 (44).
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hepatic fatalities for monotherapy patients over the age of 
2 years and definitely lower than the rate of hepatic fatali-
ties from valproate polytherapy for patients under the age 
of 10 years (54). This comparison provides a perspective 
that should help us define the current and future place 
of felbamate in the treatment of epilepsy. Valproate and 
carbamazepine have also at some point raised significant 
concerns of serious idiosyncratic toxicity.

Just as risk factors were identified for valproate, 
there may also be identifiable risk factors for felb-
amate toxicity. They may include a history of allergy or 
cytopenia with previous AEDs, polytherapy, and clini-
cal or serological evidence of a concomitant immune 
disorder (51). Individuals in whom abnormally high 
amounts of possibly cytotoxic felbamate metabolites 
such as atropaldehyde or 2-phenylpropenal accumu-
late are at higher risk of toxicity (55–59). This and 
other hypotheses are being explored to identify patients 

at risk of a severe reaction (60, 61). Fluorofelbamate 
is a felbamate analog synthesized by substitution of 
fluorine for hydrogen at position 2 of the propane 
chain. Fluorofelbamate cannot be metabolized to 2-
phenylpropenal and has been investigated as a possibly 
safer alternative to felbamate (62, 63).

CLINICAL USE

The current clinical experience with felbamate has 
been reviewed in a recent consensus paper (64). At 
the present time, the main indication for felbamate is 
in patients with the Lennox-Gastaut syndrome whose 
seizures remain uncontrolled despite trials with other 
AEDs such as valproate, clonazepam, lamotrigine, 
and topiramate. Felbamate can also be considered 
as a third-line drug in patients with refractory focal 
onset seizures (65). If felbamate fails to demonstrate 
marked seizure reduction after a 2- to 3-month trial, 
it should be discontinued without delay to reduce or 
avoid unnecessary exposure of the patient to the risk 
of a severe reaction. Inversely, in a patient who has 
been receiving felbamate for 18 months or more, it is 
probably safe to continue the treatment (65).

To minimize the occurrence of initial adverse reac-
tions, felbamate must be introduced cautiously. Titration 
of the felbamate dose usually must occur simultaneously 
with a reduction in the dose of concomitant AEDs because 
of both pharmacokinetic and probable pharmacodynamic 
drug interactions. Although precise guidelines have been 
provided, a slower titration than the one recommended 
may be at times advisable. A felbamate dose of 1,200 mg/
day is recommended during the first week in adults, with 
a reduction of concomitant AED dose(s) by one-fifth to 
one-third. During the second week of treatment, the dose 
is to be increased to 2,400 mg/day. If monotherapy is the 
goal, the concomitant AED dose should be reduced by 
another one-third during the second week. During the 
third week of treatment, if necessary and if tolerated, the 

TABLE 44-2
Cases of Aplastic Anemia and Hepatotoxicity 

Associated with Felbamate Therapy

 TOTAL  NUMBER OF

 NUMBER  DEATHS

Aplastic anemia
 Reported  34 14 (41%)
 Confirmed  23 7 (30%)
 FBM only cause  3 
 FBM most likely cause  11 
 FBM possible cause  9 
Hepatotoxicity
 Reported  18 9 (50%)
 FBM likely cause  7 
 FBM unlikely cause  9 
 Undetermined  2

Sources: Kaufman et al, 1997 (51); Pellock and Brodie 1997 
(53); Pellock, 1999 (61). Abbreviation: FBM, felbamate.

TABLE 44-3
Risk of Aplastic Anemia and Hepatotoxicity Associated with Felbamate 

Therapy (Denominator is 110,000 Patients)

 OVERALL RISK  RISK OF DEATH

Aplastic anemia
 Lower limit (n 	 3) 1:37,000
 Upper limit (n 	 23)  1:4,800 �1:15,800
 Most probable (n 	 14)  1:7,900
 General population  1:500,000
Hepatotoxicity 1:15,700–1:6,100 1:31,400–1:12,200
Combined risk (worst case) 1:2,700 1:4,800
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felbamate dose is to be increased to 3,600 mg/day. In adult 
patients, doses of 5,000 to 6,000 mg/day have been com-
monly used. If felbamate is introduced in a patient who is 
not taking an enzyme-inducing AED, a slower titration is 
recommended. After an initial dose of 1,200 mg/day, the 
dose is increased by increments of 600 mg/day at intervals 
of 2 weeks. Titration is similar in children, the doses cor-
responding to 1,200, 2,400, and 3,600 mg/day in adults 
being 15, 30, and 45 mg/kg/day, respectively. Although it 
is generally better to keep the titration doses below rather 
than above these recommended doses, maintenance doses 
may often safely exceed 45 mg/kg/day in children. Because 
of felbamate’s potential for bone marrow and liver toxicity, 
complete blood count and transaminases should be ordered 
before initiation and then at regular intervals. Although 
no rigid schedule can be established for this monitoring, 
testing after 1 month and then every 2–3 months would 

be reasonable, with somewhat longer intervals after the 
first year.

No definite therapeutic range for plasma felbamate 
levels has been established. In adults taking 3,600 mg/
day of felbamate in monotherapy, plasma levels were 
65 to 80 mg/L (33, 32). A tentative target range of 
30–60 mg/L (125–250 µmol/L) has been suggested (66). 
In children, the values for felbamate levels in milligrams 
per liter (mg/L) were found to be approximately the 
same as the dose in mg/kg/day (35). Felbamate levels in 
41 adult patients were analyzed by Harden and cowork-
ers (67) and divided into low range (9–36 mg/L), mid 
range (37–54 mg/L), and high range (44–134 mg/L). 
Anorexia and complaints of severe side effects occurred 
significantly more often in the high level group, but 
significantly more patients in this group also reported 
decreased seizure frequency.
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Gabapentin and 
Pregabalin

abapentin (GBP), or 2-[1-amino-
methylcyclohexyl]acetic acid, 
and pregabalin (PGB), or (S)-3-
(aminomethyl)-5-methylhexa-

noic acid, are structural, but not functional analogs of 
gamma-aminobutyric acid (GABA). GBP (Neurontin®)
has U.S. Food and Drug Administration (FDA) approval 
for adjunctive therapy of partial seizures in children 
3 years of age or older, while PGB (Lyrica®) is approved 
for adjunctive therapy of partial seizures in adults. GBP 
received FDA approval in 1993 and PGB in 2005.

While the drugs have a number of similarities, there are 
also some differences in the molecules that are pertinent to 
children. GBP and PGB will be discussed separately here.

GABAPENTIN

Chemistry, Animal Pharmacology, and 
Mechanisms of Action

Gabapentin (Figure 45-1) has structural similarities to 
GABA (Figure 45-2), the major inhibitory neurotrans-
mitter in the human brain. As GABA does not cross the 
blood-brain barrier, conformational restriction of the 
GABA molecule, with binding into a cyclohexane system, 
confers lipid solubility to the molecule and facilitates the 
penetration of the blood–brain barrier.

Gregory L. Holmes
Phillip L. Pearl

Testing in animals has demonstrated that GBP had 
considerable antiepileptic properties (1, 2). It is effective in 
the maximal electroshock test in rodents, protects against 
aspartate- and strychnine-induced and audiogenic tonic-
clonic seizures, and prevents seizures in the Mongolian 
gerbil, a model of reflex epilepsy (1, 2). GBP prolongs 
time to clonic activity, tonic extension of the extremities, 
and death in mice after intraperitoneal (ip) injections of 
N-methyl-D-aspartate (NMDA) but not of kainic acid or 
quinolinic acid (3). When kainic acid, quinolinic acid, or 
glutamate was injected into the lateral ventricles of rats, there 
were no clear effects of GBP on the seizures (4). GBP reduces 
after-discharge duration in the kindling model (2, 5). GBP has 
been shown to be effective in preventing seizures following 
kindling in immature rats (6). These animal studies suggest 
that GBP should be clinically useful for partial seizures.

While GBP protects mice from clonic convulsions in 
both the subcutaneous pentylenetetrazol test and the intra-
venous threshold test (7), in a rat genetic model of absence 
epilepsy GBP actually increased spike-and-wave bursts (8). 
In the lethargic (lh/lh) mouse model of absence seizures, 
Hosford and coworkers (9) found that GBP had no effect 
on absence seizure frequency. Although efficacy against 
pentylenetetrazol seizures suggests that the drug should be 
useful in absence seizures, the finding that it is not effective 
in these animal models of absence seizures raises concerns 
about the efficacy of the drug in this seizure type. As will be 

G
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discussed, GBP has not been demonstrated to be effective 
in the treatment of childhood absence seizures.

In a developmental study, Mareš and Haugvicová 
(10) administered GBP before pentylenetetrazol to rats 
starting at 7 days. GBP suppressed or at least restricted 
the tonic phase of generalized tonic-clonic seizures at 
all the developmental stages studied. Cilio et al (11) 
found that GBP increases latency and decreases inten-
sity of flurothyl induced seizures in immature rats.

GBP exhibits low acute toxicity in mice, rats, 
and monkeys and no significant systemic toxicity in 
four species after multidose administration for up to 
52 weeks. GBP is not teratogenic and does not affect 
fertility or general reproductive parameters (5, 12). 
Pancreatic acinar cell tumors have been found in 
male Wistar rats receiving very large doses of GBP 
(2,000 mg/kg). These tumors were not observed in 
female rats or male or female mice. The tumors were 
low-grade malignancies, did not metastasize, and did 
not alter survival. The rat pancreatic tumor is not a 
generally accepted model of human pancreatic cancer, 
and human pancreatic tumors have not been reported 
in patients taking GBP (13).

Despite the similarity of GBP to GABA, binding 
experiments in rat brain and spinal cord have shown 
that GBP has no significant affinity for the GABAA or 
GABAB binding sites as measured by [3H]muscimol and 

[3H]baclofen displacement, respectively (5, 14). GBP does 
not inhibit binding of [3H]diazepam at the GABA receptor, 
has only modest inhibitory effects on the GABA-degrading 
enzyme GABA-aminotransferase, does not elevate GABA 
content in nerve terminals, and does not affect the GABA 
uptake inhibitor. However, GBP significantly increases 
GABA concentrations in human neocortical slices made 
from tissue resected during epilepsy surgery (15). Petroff 
and coworkers (16) used magnetic resonance spectros-
copy to estimate GABA brain concentrations. GABA was 
elevated in patients with partial seizures taking GBP com-
pared with patients matched for antiepileptic drug (AED) 
treatment. There appeared to be a dose-related response; 
patients taking high-dose GBP had higher levels of GABA 
than those taking standard doses.

GBP does not have an effect at the NMDA receptors, 
non-NMDA glutamate receptors, or strychnine-insensitive 
glycine receptors. Based on the lack of a GBP effect on 
sustained repetitive firing of action potentials in mouse 
spinal cord neurons, it does not appear that the drug has 
an effect on voltage-dependent Na� channels (17, 18). 
While GBP was not found to have any significant effect on 
any Ca2� channel current subtype (T, N, or L) (18), stud-
ies have demonstrated that the drug may act by binding 
to the alpha2delta1 subunit of the calcium channel (19). 
Inhibition of Ca2� currents via high-voltage-activated 
channels containing the alpha2delta1 subunit, leading in 
turn to reduced neurotransmitter release and attenua-
tion of postsynaptic excitability, is a biologically plau-
sible mechanism and one that is consistently observed 
at therapeutically relevant concentrations in pre-clinical 
studies of GBP (Figure 45-3) (20–26).

Because the maximal anticonvulsant effect in 
the maximal electroshock threshold model is not seen 
until 2 hours after intravenous (IV) administration, the 
anticonvulsant effect is probably a result of delayed or 
indirect pharmacologic action (5, 27). GBP appears to 
bind to a high-affinity site in membrane fractions of 
rat brain tissue (28, 29) and is predominantly located 
on neurons in the brain (28). Binding of GBP is high-
est in the superficial layers of neocortex and dendritic 
layers of the hippocampus, with low levels of binding 
in the white matter and brainstem (28). GBP binding is 
not affected by valproate, phenytoin, carbamazepine, 
phenobarbital, diazepam, ethosuximide, or any other 
neuroactive substance (30). Binding of radiolabeled GBP 
to this protein is inhibited by leucine, isoleucine, valine, 
and phenylalanine, which indicates that GBP may bind 
to a site in the brain that resembles the large neutral 
amino acid transporter described in other tissues (31). 
It is possible that this may result in a decrease in the 
uptake of branched-chain amino acids into neurons; 
consequently, decreased neuronal glutamate synthesis 
may occur (32).

FIGURE 45-1

Molecular structure of gabapentin (GBP).

FIGURE 45-2

Molecular structure of gamma-aminobutyric acid (GABA).
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Biotransformation, Pharmacokinetics, and 
Interactions in Humans

The absorption of GBP is dose-dependent (33). Sixty per-
cent of a 300-mg dose of GBP is absorbed, compared 
with 35 percent of a 1,600-mg dose (34, 35). The drug 
is transported into the blood from the gut by a saturable 
transport mechanism, the L-system transporter of amino 
acids (36, 37). Because of this dose-dependent bioavailabil-
ity, plasma concentrations of the drug are not directly pro-
portional to dose throughout the range of doses studied (37). 
In adults, mean steady-state maximal and minimal concen-
trations (Cmax and Cmin, respectively) of GBP were propor-
tional with doses up to approximately 1.8 g daily. At higher 

doses, however, Cmax and Cmin continued to increase, but the 
rate of increase was less than expected (36).

Maximum GBP concentrations occur 2–3 hours 
after administration of the drug. GBP absorption phar-
macokinetics are not altered following multiple-dose 
administration, and accumulation of the drug following 
multiple-dose administration is predictable from single-dose 
data. While food has no effect on absorption (34), aluminum 
hydroxide–magnesium hydroxide antacid decreases the 
extent of GBP bioavailability by 20% when administered 
simultaneously or 2 hours after GBP ingestion (38).

Once absorbed, the drug is widely distributed 
throughout the body. GBP does not bind to plasma 

FIGURE 45-3

Mechanism of action for GBP and PGB. (A) The action potential propagates down the axon through activation of voltage-gated 
Na� channels. As the action potential reaches the synapse, voltage-gated Ca2� channels open and allow the influx of Ca2�. (B) 
Ca2� influx triggers movement of synaptic vesicles to the synapse with release of neurotransmitters into the synaptic cleft. GBP 
and PGB bind to the alpha2delta subunit of the Ca2� channel and prevents the influx of Ca2�, thus preventing release of the 
neurotransmitters noradrenaline, glutamate, and substance P.
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proteins to any clinically relevant extent, and protein 
displacement of drugs is not a concern with GBP. GBP 
readily crosses the blood-brain barrier in rodents and 
humans (39). GBP concentrations in cerebrospinal fluid 
(CSF) and brain tissue are approximately 20% and 
80% of corresponding serum concentrations (35). After 
3 months of treatment with 900 or 1,200 mg/day of GBP, 
brain concentrations of GBP in spinal fluid varied from 
6% to 34% of those in plasma (40). There does not 
appear to be a linear relationship between plasma and 
CSF concentrations (41).

GBP oral clearance is directly related to creatinine 
clearance in children (42). When oral clearance is nor-
malized for body weight, young children (�5 years) have 
higher and more variable values than older children. In 
12 children treated with GBP as add-on therapy, Khurana 
and coworkers (43) found apparent clearance rates to 
range from 115 mL/kg/hr to 1446 mL/kg/hr with a mean 
of 372 � 105 and a median of 292 mL/kg/hr. On a weight 
basis, 33% larger doses are required for young children 
(�5 years) to achieve the same exposure as older chil-
dren (42). GBP pharmacokinetics can vary substantially 
among pediatric patients (44).

Once a steady state is reached, blood levels should 
not fluctuate. Because GBP is not metabolized but is 
excreted unchanged through the kidneys, clearance of 
the drug is related to creatinine clearance (32, 45). Renal 
clearance of the drug approximates glomerular filtration 
rate with an elimination half-life (t1/2) in normal healthy 
adults of 5–9 hours (36). In patients with normal renal 
function, steady-state can be achieved within 2 days. 
Autoinduction does not occur with this drug.

Doses of GBP should be decreased in patients with 
renal impairment in whom the peak plasma concen-
trations of GBP are increased and occur later than in 
patients with normal renal function (46, 47). GBP is 
removed by hemodialysis, and patients undergoing this 
therapy need to be placed on maintenance doses of the 
drug. Guidelines are provided in the package insert by 
the manufacturers.

The usefulness of GBP serum levels has not yet been 
established (3, 32, 48, 49). The United Kingdom Gabapen-
tin Study Group found that the mean and median plasma 
GBP concentrations were higher in responders than in 
nonresponders, but the group did not provide any spe-
cific data (50). Sevenius and coworkers (49) found seizure 
frequency to be decreased in patients with serum GBP con-
centrations above 2 mg/L. Crawford and coworkers (51) 
reported a significant therapeutic benefit from 900 mg GBP 
per day, which resulted in plasma GBP levels of 2–6 µg/
mL. Of interest is a patient described by Brodie (48) with 
renal impairment who reported a 67% reduction in seizure 
number without side effects while taking 6,000 mg of GBP 
daily. The patient had a plasma GBP level of 61.2 mg/L. 
In an open-label study of efficacy of GBP in a pediatric 

population, Khurana and colleagues (43) found that patients 
with a greater than 50% reduction in seizures had a mean 
serum concentration of 3.7 µg/mL.

Because GBP is not protein-bound or metabolized 
in the liver, there are no significant drug interactions with 
the other commonly used antiepileptic drugs: carbamaze-
pine, phenytoin, or valproate (7, 52). In addition, GBP 
pharmacokinetics have not been significantly changed by 
concomitant administration of other AEDs (45). Studies of 
the effects of GBP on oral contraceptives report no changes 
in concentration of the contraceptive components (34, 46). 
Cimetidine use modestly reduces oral and renal clearance 
of GBP; however, this is of minimal clinical significance 
and requires no adjustment in GBP dosages (34).

Clinical Efficacy

Although GBP has been primarily studied in partial sei-
zures in adults, the drug is widely used in children, and 
there have been a number of studies in children (53, 54).

A total of 792 patients with refractory partial seizures 
with or without secondary generalization were studied in 
five double-blind, placebo-controlled, parallel-group stud-
ies in adults (55). A minimum of four partial seizures 
were required per month. Patients received GBP or pla-
cebo as add-on therapy for 12 weeks after a 12-week 
baseline phase, during which concurrent AED therapy 
was maintained at prestudy levels and baseline seizure 
frequency was obtained. A total of 307 patients received 
placebo and 485 received GBP doses of 600, 900, 1,200, 
or 1,800 mg/day.

The primary efficacy variable was responder rate, 
which is defined as the percentage of patients experiencing 
at least a 50% reduction in seizure frequency from baseline 
to treatment. In this series of placebo-controlled trials, the 
responder rate in the placebo group was approximately 
10%, compared with 20–25% in the patients receiving 
placebo. The greatest seizure reduction was seen among 
patients receiving 1,800 mg/day of GBP.

In a study of 129 patients with refractory general-
ized seizures, Chadwick and colleagues (56) randomized 
patients to either placebo or 1,200 mg/day of GBP as 
add-on therapy. While GBP provided greater reduction 
in the frequency of generalized tonic-clonic seizures than 
placebo, the results were not statistically significant. GBP 
was tolerated well in this study.

Appleton et al (57) evaluated GBP as add-on therapy 
for refractory partial seizures in 247 patients, aged 
3–12 years, enrolled from 54 centers in a 12-week double 
blind, placebo-controlled study and randomized to receive 
either GBP or placebo. Each patient was receiving one to 
three AEDs. The response ratio (i.e., reduction of seizure 
frequency), for all partial seizures was significantly better 
for GBP-treated patients (P 	 0.04), and the responder rate, 
defined as the percentage of patients exhibiting more than 
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50% reduction in seizure frequency, favored GBP versus 
placebo, although this did not reach statistical significance. 
The double-blind trial was subsequently continued into a 
six month open-label extension study (58). Eighty (34%) of 
237 children, aged 3–12 years, who received GPB, showed 
a �50% reduction in partial seizures.

A large number of patients on GBP have been 
followed for many years in open-label trials (59–62). 
Sivenius (60) treated patients with GBP for more than 
4 years and found a significant reduction in seizure fre-
quency (�50%) during the follow-up period in five of 
the seven patients. Likewise, Handforth and Treiman (61) 
entered 23 patients with intractable epilepsy into an open-
label treatment study after a blinded, placebo-controlled, 
add-on efficacy study. Nine patients had no improvement 
in seizure control and discontinued the GBP, whereas, 
the remaining 14 patients continued on the GBP. Seven 
patients on GBP were followed up for 4 years. Main-
tenance of the efficacy of GBP was investigated in five 
long-term, open-label studies in a total of 774 patients 
(59). A majority of these patients had previously partici-
pated in a placebo-controlled study and subsequent short-
term, open-label extension, reflecting a retention rate of 
66%. The responder rate remained relatively stable over 
time, and patients who were responders in early phases 
continued to respond in later phases (12–18 months). 
The authors also noted that GBP discontinuation did not 
cause a rebound increase in seizures.

Leiderman and colleagues (63) presented data 
on 240 patients who entered an open-label trial after 
completion of a double-blind, placebo-controlled trial 
of GBP for partial seizures. GBP was continued in 78 
(33%) patients for 3 years, 65 (27%) for 4 years, and 
40 (17%) for 5 years. The maximum treatment period 
was 7 years with a mean treatment duration of 843 days. 
This study demonstrated that GBP can be tolerated for 
long periods of time.

Patients who have a response to GBP with add-on 
therapy may be converted to monotherapy. In an ongoing 
study of an open-label extension of a double-blind, mul-
ticenter trial of GBP in partial seizures, 54 of 250 (22%) 
patients were able to have concurrent antiepileptic drugs 
discontinued (64). The patients were allowed to take up 
to 4,800 mg/day.

In a study of the efficacy of GBP in children with 
refractory partial seizures, Khurana and colleagues (43) 
reviewed their results in 32 children with refractory 
partial seizures in which GBP was added to the drug 
regimen. GBP was given in a dose ranging from 10 to 
50 mg/kg/day with a mean dose of 26.7 mg/kg/day for 
children with partial seizures with or without secondary 
generalization. Compared to baseline, eleven patients 
(34.4%) had a greater than 50% reduction in seizure 
frequency, and four patients (12.5%) had a 25% to 
50% decrease.

GBP has been found to be an effective antiepileptic 
drug in children undergoing cancer therapy (65, 66). In 
a retrospective analysis, Khan et al (65) reported that 
seizures were controlled in 74% of 50 children on che-
motherapy who developed epilepsy (91% of the leukemia 
group, 57% of the brain tumor group, and 75% of the 
other tumor group).

Comparison of GBP with Other AEDs in Partial 
Seizures. There are few studies comparing GBP with 
other AEDs in adults, and none that directly compare 
the antiepileptic efficacy of GBP with those of other 
AEDs in children. Anhut and coworkers (67) random-
ized newly diagnosed patients with a minimum of two 
partial seizures to one of four parallel fixed-dose treat-
ment groups: 136 patients received one of three GBP 
doses—300, 900, or 1,800 mg/day, and 46 patients 
received 600 mg/day of carbamazepine (CBZ). The 
authors found similar efficacy for the two drugs: 42% 
of the GBP-treated group and 48% of the CBZ-treated 
group were responders.

Other Seizure Types. GBP has been used in one double-
blind study of absence seizures in children (68). Unfor-
tunately, a small dose of GBP (15–20 mg/kg/day) was 
used in the study. In this study of 33 children, GBP was 
not effective in reducing seizure frequency. No children 
had an exacerbation of seizure frequency. There is no 
information available regarding the usefulness of GBP in 
neonatal seizures, atonic, or tonic seizures. In rare cases, 
GBP may exacerbate myoclonic seizures (69, 70).

Adverse Events

In general, GBP is very well tolerated in children. Adverse 
effects with GBP are uncommon and typically consist of 
somnolence, dizziness, ataxia, fatigue, nystagmus, head-
ache, tremor, diplopia, and nausea and vomiting (13, 71). 
In the five placebo-controlled trials in adults, 76% experi-
enced at least one adverse event, compared with 57% of 
patients treated with placebo. Most of the side effects were 
mild and transient, and few patients have withdrawn from 
studies because of adverse side effects (13, 71). In a review 
of adverse events with GBP, Ramsay (13) noted that in 
controlled clinical trials, approximately 7% of patients 
receiving GBP withdrew, compared with 3% of those 
receiving placebo, with the most common complaints in 
the GBP-treated patients being somnolence and ataxia. 
Urinary and fecal incontinence have been reported with 
GBP (72). Like several other AEDs, GBP can rarely exac-
erbates seizures (73).

Side effects do not appear to have a strong relation-
ship to dose. In a study of 245 patients randomized to pla-
cebo or GBP, Anhut and colleagues (72) found that 69% 
of patients receiving 900 mg/kg/day and 64% of those 
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receiving 1,200 mg/kg/day had adverse events, compared 
with 52% in the group that received placebo. Weight 
gain has been reported in some women but has not been 
a major issue in children. Severe, life-threatening adverse 
events have not been reported (13). The most signifi-
cant serious side effects include rash (0.54%), decreased 
white blood count (0.19%), increased blood urea nitro-
gen (0.09%), decreased platelets (0.09%), and angina or 
electrocardiographic changes (0.04%) (13). Changes in 
clinical laboratory values during GBP therapy are usually 
transient, isolated occurrences, most of which have not 
been considered to be of clinical concern or related to 
GBP therapy (13, 55). The incidence of rash compares 
quite favorably with other AEDs.

GBP has been associated with behavioral distur-
bances in some children (74–78). For the most part, 
these disturbances appear to be most prominent in chil-
dren with preexisting behavioral disturbances. Wolf and 
coworkers (74) described three children with learning 
disabilities who developed behavioral problems with 
hyperactive behavior and explosive outbursts con-
sisting of aggressive and oppositional behavior. The 
behavior improved once GBP was stopped. Lee and 
colleagues (76) from Children’s Hospital in Boston 
described seven children who received GBP as adjunc-
tive medication and subsequently developed an inten-
sification of baseline behaviors as well as some new 
behavioral disturbances. These behaviors included tan-
trums, directed aggression, defiance, and hyperactivity. 
All of the children had attention deficit hyperactivity 
disorder and developmental delays before institution 
of GBP. The exacerbation of GBP-associated behaviors 
may be dose-related in some patients. since reduction 
of the dose results in improvement in some children. It 
is not always necessary to discontinue GBP in children 
with adverse behavioral changes if it has been useful 
in reducing seizure frequency (75, 76). The behavioral 
problems do not appear to be totally confined to chil-
dren, since hypomania with GBP in an adult patient 
has been reported (79).

In a 12 week, multi-center, double-blind, placebo-
controlled trial of 247 children aged 3–12 years, Appleton 
et al (58) found that only six (5%) in the GBP group 
and three (2%) of the placebo group were withdrawn 
from the study because of adverse events. Compared to 
the placebo group, children on GBP experienced more 
somnolence (8.4%) and hostility (7.6%). Behavioral 
changes (hostility and emotional lability) occurred more 
in the GBP-treated children than in those receiving pla-
cebo. In all patients, the intensity of these behavioral 
changes was mild to moderate. Findings in the open label 
extension study were similar (58).

No disturbances of memory or learning have been 
reported with GBP. In a study of normal subjects, a 
psychotropic effect characterized by improvement in 

concentration, numerical memory, complex reactions, and 
reaction time test was reported with GBP (61). Because 
of the excellent safety profile and lack of interactions, 
the drug is increasingly being used in the treatment of 
epilepsy in children with other medical conditions who 
are receiving medications.

Clinical Use

The drug comes in 100-, 300-, 400-, 600-, and 800-mg 
capsules and a solution 250 mg/5 mL. There is no IV 
form of the drug. Because clearance of GBP is greater 
in children than in adults, higher doses, on a milligram-
per-kilogram basis, are needed in children (43). GBP can 
be started at 10–15 mg/kg/day and increased every three 
days, if necessary, until the child is receiving a dose of 
30–40 mg/kg/day. The effective dose of GBP in patients 
5 years of age and older is 25–35 mg/kg/day. The effec-
tive dose in children aged 3–4 years is 40 mg/kg/day. The 
maximum daily dose has not been established. However, 
we have had children who tolerated and required over 
80 mg/kg/day. Because of the dose-dependent bioavail-
ability and short half-life, most children should take the 
medication three times a day. While GBP has a saturable, 
dose-dependent absorption, this becomes a problem with 
dosing only when high doses of GBP are required. Gidal 
and coworkers (80) found that there were minimal dif-
ferences in bioavailability between 3,600 mg/day given 
three or four times daily. When the dose was increased to 
4,800 mg/day, a 22% increase in absorption was found 
with four-times-a-day dosing compared with dosing given 
three times a day.

Because there are no drug interactions, doses of 
other antiepileptic drugs do not need to be adjusted. 
However, if the patient does well on GBP, it is recom-
mended that other antiepileptic drugs be reduced and 
eliminated. As mentioned previously, withdrawal of 
GBP has not been associated with a rebound increase 
of seizures (61). Nevertheless, it is recommended that 
GBP be tapered over several months once the decision 
is made to withdraw the drug.

GBP can be rapidly initiated. In a study of patients 
12 years of age or older, GBP was started either gradually 
(300 mg/day for one day, 600 mg/day for one day, then 
900 mg/day), or as an initial dose of 900 mg/day (81). 
Patients tolerated 900 mg/day as well as the escalation 
dose. Of the four most common adverse events (som-
nolence, dizziness, ataxia, fatigue), only one, dizziness, 
occurred more often in the rapid initiation group.

SUMMARY

GBP was initially released as adjunctive therapy for the 
treatment of partial seizures in adults. Since the drug 
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has been released, there have been a number of stud-
ies demonstrating its efficacy and safety in children. 
In addition to its antiepileptic properties, the drug has 
been found to be useful in pain management. GBP has a 
number of highly desirable properties. There is no protein 
binding; the drug is not metabolized; and it is excreted 
unchanged through the urine. There are no significant 
drug interactions with other antiepileptic drugs, and other 
antiepileptic drugs do not alter the pharmacokinetics of 
GBP. The drug appears to have a narrow therapeutic 
profile. It is effective against partial seizures, although the 
majority of studies have used the drug as add-on therapy, 
and it has some efficacy in primarily generalized convul-
sive seizures. The drug is not effective in the treatment of 
absence or myoclonic seizures. The side effect profile of 
the drug is quite attractive. No significant idiosyncratic 
reactions have been reported. The most common side 
effects have included dizziness, fatigue, and headache. 
Rarely, children have adverse behavioral effects such as 
hyperactivity and agitated behavior. These children usu-
ally have preexisting behavioral disturbances.

PREGABALIN

Pregabalin (PGB), like GBP, is a structural, but not func-
tional analog of the inhibitory neurotransmitter GABA 
Figure 45-4). Pregabalin has been in development for 
over a decade (82) and is the most recently released 
antiepileptic drug in the United States at the time of this 
writing. In addition to its efficacy in partial seizures, the 
drug is also effective in the treatment of neuropathic 
pain (83) and anxiety (84).

Chemistry, Animal Pharmacology, and 
Mechanism of Action

PGB has been tested in a variety of rodent models of 
seizures (85, 86). PGB inhibits tonic extensor seizures 
in rats with high-intensity electroshock, low-intensity 

electroshock seizures in mice, and tonic extensor seizures 
in the DBA/2 audiogenic mouse model. At high doses, 
PGB (ED50 	 31 mg/kg) prevented clonic seizures from 
pentylenetetrazole in mice and prevented stage 4–5 behav-
ioral seizures (lowest effective dose 	 10 mg/kg) in the 
kindling model. PGB was not effective in the spontaneous 
absence-like seizures in the Genetic Absence Epilepsy Rats 
from Strasbourg (GAERS). In rodents, PGB caused ataxia 
and decreased spontaneous locomotor activity at dos-
ages 10- to 30-fold higher than those required to stop 
seizures. PGB has shown efficacy in animal models of 
anxiety (87).

Biotransformation, Pharmacokinetics, and 
Interactions in Humans

Absorption is extensive, rapid, and proportional to 
dose (88). PGB absorption from the gastrointestinal 
tract is proportional to doses up to 150 mg/kg, which 
contrasts to the partially saturable absorption of GBP in 
rats (33, 89). The transport of PGB across membranes is 
largely explained by its substrate action at the L-amino 
acid transport system (89). However, the lower affinity 
(KM) and higher capacity to accumulate PGB appears to 
facilitate transmembrane absorption in vivo.

Time to maximal plasma concentration is approx-
imately one hour, and steady state is reached within 
24–48 hours (88, 90). Absorption with food has no clini-
cally relevant effect on the amount of PGB absorbed.

PGB does not bind to plasma proteins and is 
excreted virtually unchanged (�2% metabolism) by the 
kidneys (91). It is not subject to hepatic metabolism and 
does not induce or inhibit liver enzymes such as the cyto-
chrome P450 system. PGB has a clearance (mL/min) of 
45–75 and has a half-life of 5–7 hours (88, 92, 93). PGB 
demonstrates highly predictable and linear pharmacoki-
netics in adults.

PGB has no substantial pharmacokinetic drug-drug 
interactions (82, 90, 94). Brodie et al (94) examined the 
effect of PGB on steady state concentration of carbam-
azepine, phenytoin, lamotrigine, and valproate in adult 
patients with partial seizures. The blood levels were unaf-
fected by PGB. Likewise, PGB steady-state pharmacoki-
netic parameters were similar among patients on the four 
drugs. The authors also noted that PGB in combination 
with carbamazepine, phenytoin, lamotrigine, and valpro-
ate was well tolerated.

The drug crosses the blood-brain barrier and binds 
potently to the alpha2delta subunit of the P/Q voltage-
gated calcium channel (Figure 45-3) (95–97). As a result, 
PGB reduces calcium current at the terminal (95), reduc-
ing the release of glutamate (21, 22), noradrenaline (96), 
and substance P (98). PGB has no effect on GABAA and 
GABAB receptors (82). Likewise, PGB has no discernible 
effect on GABA uptake or degradation (14, 15, 82).

FIGURE 45-4

Molecular structure of pregabalin (PGB)



V • ANTIEPILEPTIC DRUGS AND KETOGENIC DIET600

Clinical Efficacy

Approval for PGB in the United States was based on 
three multicenter, randomized, double-blind, placebo-
controlled trials in which efficacy and tolerability were 
assessed in patients with refractory epilepsy (99–102). 
In addition, a large international study evaluated GBP in 
adult patients with refractory partial seizures (103).

A total of 1,052 patients 12 years or older were 
entered into the U.S. studies, with 758 receiving PGB and 
294 placebo. The patient population had refractory epi-
lepsy and experienced at least six seizures and no 4-week 
seizure-free period during the 8-week baseline phase. 
Approximately 75% were on two other AEDs, and about 
a quarter were on three AEDs. In the first study, patients 
received PGB 50, 150, 300, or 600 mg/day (99); in the 
second study, patients received 50 or 600 mg/day (102); 
in the third study, patients received 600 mg/day (100). 
Patients receiving doses of 150, 300, or 600 mg/day had 
statistically fewer seizures than the placebo group, with 
a clear dose-response relationship. The responder rate, 
defined in the studies as the percentage of patients with 

50% reduction in seizure frequency, approached 50% 
at 600 mg/day. While direct comparison between PGB 
and other antiepileptic drugs is difficult, the responder 
rate with PGB appears to be similar to the response with 
the other new AEDs (82).

In an international study, 341 patients were random-
ized to placebo, PGB fixed dose (600 mg/day), or PGB 
flexible dose 150 mg and 300 mg/day for 2 weeks each 
and then 450 mg and 600 mg/day for 4 weeks each (103). 
All patients were refractory patients who were taking one 
to three AEDs. Both PGB regimens significantly reduced 
seizure frequency, compared to control, by 35.4% for the 
flexible dose and 49.3% for the fixed dose, versus 10.6% 
for placebo. Most adverse events were mild or moderate.

Efficacy of PGB was seen early in the study, with 
reductions in seizure frequency noted during the first 
week of therapy. There were no differences in responder 
rate between twice-daily and three-times-daily dosing.

Adverse Effects

The drug was well tolerated, with most adverse side effects 
central nervous system based. In adult patients, the adverse 
effects are dose dependent and occur within the first two 
weeks of treatment. Up to 33% of patients receiving PGB 
and 10% of those receiving placebo withdrew from the 
clinical trials because of adverse events (88). Common
side effects associated with PGB, occurring in �10% of 
patients in epilepsy studies, include dizziness, somnolence, 
ataxia, asthenia, and weight gain (82, 88). Over 20% of 
patients report dizziness and somnolence.

Clinical Use

PGB comes in 25-, 50-, 75-, 100-, 150-, 200-, 225-, and 
300-mg capsules. In adults, PGB in doses of 150 to 
600 mg/day has been shown to be effective as adjunc-
tive therapy in the treatment of partial-onset seizures. 
There are no guidelines for dosing in children. The 
authors typically start with a dose of 1–2 mg/kg and 
slowly titrate upward by 1–2 mg/kg per week until 
seizure control is achieved or adverse events occur.

PGB is a Schedule V controlled substance. In a 
study of recreational users (n 	 15) of sedative/hypnotic 
drugs, including alcohol, PGB reported subjective ratings 
of “good drug effect,” “high,” and “liking,” to a degree 
that was similar to a single dose of diazepam. In clinical 
studies with over 5,500 patients, 4% of PGB and 1% of 
the placebo group reported euphoria as an adverse effect 
(package insert, Lyrica®). Whether such an adverse side 
effect occurs in children is not yet known.
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Lamotrigine

amotrigine was first approved for 
marketing in Ireland in 1993 and 
soon thereafter in most other coun-
tries, including the United Kingdom 

and the United States. It was initially recommended for 
use as adjunctive therapy in the treatment of partial sei-
zures, but it was soon identified as possessing a much 
broader scope of antiepileptic action. It is one of the new 
broad-spectrum antiepileptic drugs (AEDs), resembling 
valproate in its multiple uses. Lamotrigine is nonsedating 
and offers several advantages, but it must be used cor-
rectly, especially in children (1–3).

CHEMISTRY, ANIMAL PHARMACOLOGY, AND 
MECHANISM OF ACTION

Lamotrigine (LTG) is the name given to 3,5-diamino-6-
(2,3-dichlorophenyl)-1,2,4-triazine. It is a stable white 
powder with solubility of less than 1 mg/mL in water 
and 1 mg/mL in ethanol. Lamotrigine was initially devel-
oped on the basis of a probably mistaken hypothesis that 
some AEDs were efficacious because of an antifolate 
effect. A series of phenyltriazines were investigated by 
the Wellcome Foundation and led to the development 
of lamotrigine. Although it has significant antiepileptic 
action, its action as an antifolate is minimal (4). The 

John M. Pellock

identified mechanisms of action of this drug do not 
explain its broad range of therapeutic efficacy (5). The 
sole documented cellular mechanism of action is sodium 
channel block, a mechanism shared by phenytoin and 
carbamazepine. These drugs are, however, ineffective 
against absence seizures, and unless the sodium channel 
block from lamotrigine is quite unique, other mechanisms 
should explain its broad clinical efficacy (5). This block 
is both voltage and use dependent. Lamotrigine abolishes 
hind limb extension in the maximal electroshock model 
in both mouse and rat, and no tolerance is found after 
28 days of dosing. Similar median effective dose (ED50)
values are obtained in maximal seizure tests with picro-
toxin and bicuculline, but LTG has no effect on pentyl-
enetetrazol (PTZ) threshold or clonus latency after PTZ 
administration, as is shown with ethosuximide and val-
proate and would be expected because of LTG’s efficacy 
in absence seizures. Lamotrigine delays the development 
of electrical kindling in the rat and modifies seizures. A 
feature that clearly distinguishes it from phenytoin and 
carbamazepine is its inhibition of visually evoked after-
discharges in the rat, a model in which valproate and 
ethosuximide are also efficacious. Studies suggest that 
lamotrigine reduces the effects of glutamate on the rat’s 
spinal cord. The use- and voltage-dependent aspects of 
lamotrigine interactions at the sodium channel may be 
hypothesized to be responsible both for LTG’s effects in 
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blocking veratridine-induced, but not potassium-induced, 
glutamate release and in reducing epileptic activity in hip-
pocampal neurons. Coulter suggests that there are as yet 
undefined mechanisms through which lamotrigine works 
in addition to the sodium channel effects, which would be 
primarily responsible for the efficacy observed clinically 
in partial and generalized tonic-clonic seizures (5).

BIOTRANSFORMATION, 
PHARMACOKINETICS, AND INTERACTIONS

Lamotrigine is well absorbed, and there is a negligible 
first-pass metabolic effect, so that its bioavailability is 
virtually 100 percent. It is uniformly distributed through-
out the body with a volume of distribution of 1.1 L/kg in 
volunteers. It is biotransformed hepatically and excreted 
in urine primarily as the resultant glucuronide conju-
gates, with only 8 percent of the compound unchanged in 
humans. Hepatic dysfunction, and particularly Gilbert’s 
syndrome with its functional impairment of UGT (uridine 
diphosphate glucuronosyltransferase), result in lower 
lamotrigine metabolism and subsequent clearance (4). 
Metabolites are not thought to be active. Lamotrigine is 
approximately 55% bound to plasma proteins, which is 
of little clinical significance (4, 6).

The pharmacokinetics of lamotrigine in children are 
similar to those in adults (6). Lamotrigine exhibits first-
order linear pharmacokinetics. Lamotrigine absorption is 
unaffected by food. In patients, the volume of distribution 
is between 1.25 and 1.47 L/kg. The serum half-life of 
lamotrigine is between 24.1 and 35 hours in drug-naïve 
adults, but it is significantly altered by enzyme-inducing 
and enzyme-inhibiting drugs, including AEDs in particu-
lar. Clinical trials have demonstrated no evidence of auto-
induction or saturable metabolism. Young children, less 
than 5 years, eliminate lamotrigine somewhat faster than 
older children and adults. A half-life of 7.7 � 1.8 hours 
was noted in young children receiving enzyme-inducing 
AEDs as cotherapy (7).

The most clinically significant pharmacokinetic find-
ing regarding lamotrigine is that metabolism of the agent 
can be affected by concurrent drugs. The dosing schedule 
therefore must be altered whenever enzyme-inducing or 
enzyme-inhibiting agents are being administered before 
the addition of lamotrigine. Similarly, alterations in dose 
may be required whenever one of these AEDs is added or 
removed as lamotrigine is continued. The half-life of 24.1 
to 35 hours in healthy adult volunteers is decreased to 
approximately 14 hours (6.4–32.2 hours) in those receiv-
ing enzyme-inducing drugs, such as phenytoin, carbam-
azepine, phenobarbital, and primidone, and increased to 
30.5–88.8 hours in volunteers receiving valproate (6, 8). 
Whereas valproic acid decreases the clearance of lamotrig-
ine, lamotrigine has been reported to increase the clearance 
of valproic acid by up to 25 percent in healthy volunteers. 

Lamotrigine has no significant interaction on carbamaze-
pine or carbamazepine epoxide levels. Lamotrigine has 
little effect on the plasma levels of oral contraceptives (9), 
but hormonal therapy (including oral contraceptives) and 
pregnancy have been noted to interact significantly with 
lamotrigine, causing a decrease in plasma levels and anti-
convulsant effect (10).

CLINICAL EFFICACY

Since the introduction of lamotrigine as a broad-spectrum 
AED, its use in both partial and generalized seizures has 
increased in adults and children. Although licensure and 
specific labeling vary, clinical practice includes use as both 
adjunctive and monotherapy for the treatment of various 
types of epilepsy.

The initial trials of lamotrigine were performed 
in adults with refractory partial onset epilepsy. Using 
double-blind, add-on, placebo-controlled trials of either 
crossover or parallel design, data from 457 adult patients 
with refractory partial epilepsy were used as the basis 
of the initial efficacy reports (11–19). Five of these six 
studies with crossover design showed significant reduc-
tion in seizure frequency with an overall 50% reduction 
in 25% of the patients. In these patients, who were for-
merly primarily on enzyme-inducing concomitant AED 
therapy, doses of lamotrigine ranged from 200 to 500 mg/
day, with a suggestion that doses of 400 to 500 mg were 
more efficacious than lower doses. In addition to the 
seizure efficacy, nearly half of the patients reported posi-
tive global opinions regarding therapy with lamotrigine 
versus 22% receiving placebo. Efficacy as monotherapy 
in adults with partial seizures has also been established 
in follow-up studies and in two trials comparing mono-
therapy lamotrigine to that with carbamazepine or phe-
nytoin (20, 21). Forty-three percent of patients treated 
with lamotrigine and 36% of patients treated with phe-
nytoin were seizure free at the end of 24 weeks, and 
similar efficacy was noted with carbamazepine, as 39% 
of patients on lamotrigine and 38% on carbamazepine 
became seizure free. The rates of withdrawal were greater 
for those treated with phenytoin and carbamazepine than 
for patients treated with lamotrigine (19–22). In children, 
lamotrigine has shown utility in a broad range of pedi-
atric epilepsy syndromes in addition to similar efficacy 
for partial seizures (23). It has been successfully used 
to treat primary generalized tonic clonic seizures (24), 
juvenile myoclonic epilepsy (25, 26), infantile spasms 
(27), Rett syndrome (28), absence seizures (29, 30), and 
seizures associated with the Lennox-Gastaut syndrome 
(31, 32). Myoclonic seizures, however, may not respond 
as well to lamotrigine therapy (33). In five open-label 
trials involving 285 pediatric patients, aged 1–13 years, 
with treatment-resistant epilepsy, 34% of all evaluable 
patients experienced at least a 50% decrease in seizure 
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frequency at 12 weeks, and 41% experienced the same 
improvement at 48 weeks (23). Children with absence 
seizures, both typical and atypical, appeared to have 
the best response. In addition, the global evaluations 
reported improvement in 69% of children at 12 weeks 
and 74% at 48 weeks of follow-up. Rash accounted for 
a 7.4% discontinuation rate, whereas the overall safety 
data revealed a 30% discontinuation rate. In a long-term 
continuation study (34), similar results were noted, with 
73% maintaining improvement during the follow-up 
period of up to 4 years. The improved global function-
ing, which includes increased attention and alertness, has 
been reported in both pediatric and adult trials, and this is 
especially pronounced in children with concomitant devel-
opmental and/or attentional problems (23, 31, 35). More 
recently, positive and negative psychotropic effects have 
been noted during the treatment of mentally retarded 
persons with epilepsy (36).

The double-blind, placebo-controlled trial of 
lamotrigine in the treatment of 169 patients with Lennox-
Gastaut syndrome, aged 3–25 years, clearly establishes 
the drug as being efficacious in this difficult to treat 
encephalopathic epilepsy of childhood (31). Patients 
received either lamotrigine 50–400 mg/day (1–15 mg/
kg/day), based on weight and the absence or presence of 
valproate coadministration or placebo as add-on therapy 
for 16 weeks. At the time of final evaluation, 33 percent 
of patients taking lamotrigine and 16 percent of patients 
taking placebo achieved a seizure reduction of at least 
50% (P � 0.01). Figure 46-1 reveals the median change 
from baseline and the frequency of all major seizures, 
drop attacks, and tonic-clonic seizures during this trial. 
This controlled study clearly demonstrates that lamotrig-
ine may be one of the most effective AEDs in the treat-
ment of patients with Lennox-Gastaut syndrome.

A double-blind, randomized, placebo-controlled trial 
of lamotrigine add-on therapy for partial seizures in chil-
dren and adolescents was performed with 201 treatment-
resistant patients (37). Lamotrigine significantly reduced 
the frequency of all partial and secondarily generalized 
seizures versus placebo (44% vs. 12.8%). Neurotoxicity 
was only slightly more common in the lamotrigine-treated 
group. Although the overall rash rate was equal in the 
placebo group and the actively treated group, two patients 
receiving lamotrigine developed serious rash that resulted 
in hospitalization. A similar number of patients from each 
treatment group withdrew from the study. Thus, lamotrig-
ine was effective for the treatment of partial seizures in 
children, and the safety profile was similar to that seen 
in adults. An interim report of an open-label phase of a 
similar trial performed in infants aged 1–24 months with 
refractory partial seizures suggests similar success (38).

The efficacy of lamotrigine monotherapy for typi-
cal absence seizures in children was studied through 
a “responder-enriched” study design in children and 
adolescents with newly diagnosed absence epilepsy. During 

the initial open-label dose escalation phase of the study, 
71.4% of patients in the intent to treat, or 82% as evalu-
ated in the protocol analysis, became seizure free. Individual 
patients responded at doses ranging from 2 to 15 mg/kg/
day. In the placebo-controlled, double-blind phase, more 

FIGURE 46-1

Median change from base line in the frequency of all types of 
major seizures, drop attacks, and tonic-clonic seizures dur-
ing the 16-week treatment period. The values above the bars 
are the percentages of patients. Because of rounding, not all 
percentages total 100. From (31).
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patients remained seizure-free when treated with lamotrig-
ine (62%) than with placebo (21%; P 	 0.02). In the 
42 children enrolled, adverse effects included abdominal 
pain, headache, nausea, anorexia, dizziness, and hyper-
kinesia. Ten patients reported or experienced rashes, but 
in only one case was the rash considered attributable 
to lamotrigine. No patients were withdrawn because of 
adverse events (30). In addition to childhood absence and 
generalized tonic clonic seizures, the syndrome of juvenile 
myoclonic epilepsy (JME) has been studied to assess the 
broad-spectrum activity of lamotrigine. Timmings (25) 
initially studied 17 patients with JME who had experi-
enced intolerable side effects or were uncontrolled with 
valproate. No difference in seizure control was observed 
between the two groups, with patients titrated to maxi-
mum daily dose of 500 mg lamotrigine and 2,500 for 
valproate. In an open-label study, Morris and colleagues 
(26) reported in patients previously treated with valpro-
ate (n 	 63), 85% became seizure free, and 70% had no 
myoclonus during 8 weeks of maintenance. In new-onset 
patients (n 	 29), 75% became seizure-free and had no 
myoclonus.

Retrospective reviews (39–42) showed generally 
positive results for the control of patients with JME and 
in primary generalized epilepsy. Adverse effects are in the 
ranges reported in other studies. The control of myoclonic 
seizures is variable and ranges from excellent to seem-
ingly being exacerbated in individual patients, but some 
people have the entire spectrum of seizures controlled 
with lamotrigine (43).

ADVERSE EFFECTS

The toxicity profile of lamotrigine includes common 
adverse events seen with other AEDs, including dizziness, 
diplopia, headache, ataxia, blurred vision, nausea, som-
nolence, and vomiting (1, 2, 4, 19, 35, 37). These classic 
neurotoxic adverse effects were more commonly seen in tri-
als using adjunctive therapy and less frequently noted when 
lamotrigine was administered as monotherapy (Table 46-1).
During the clinical trials, rash was the most common rea-
son for discontinuation of lamotrigine and subsequently 
has become the most feared adverse effect, as the poten-
tial for developing a life-threatening rash associated with 
lamotrigine administration has been recognized.

The overall rash rate during the administration of 
lamotrigine is approximately 10 percent to 12 percent 
(44, 45). The rash associated with lamotrigine was initially 
described as maculopapular or erythematous in appear-
ance, displaying characteristics of a delayed hypersensitivity 
reaction. It was thought to be self-limited, and no altera-
tions in dosing were suggested. Recent work indicates that 
the immunologic changes associated with lamotrigine-
induced rash may be considered an immune-mediated 
hypersensitivity reaction (44). This rash typically appears 
within the first 4 weeks of therapy and is rarely seen after 
8 weeks. Subsequently, mostly children and fewer adults 
have developed a more severe erythema multiforme–type 
eruption, sometimes progressing to desquamation with 
involvement of mucous membranes resembling Stevens-
Johnson or Lyell syndrome. Some patients clearly had 

TABLE 46-1
Pooled Tolerability from Controlled Comparative Trials of 

Lamotrigine Monotherapy

 INCIDENCE, % OF PATIENTS

 LAMOTRIGINE CARBAMAZEPINE PHENYTOIN

ADVERSE EVENTA (N 	 443) (N 	 246) (N 	 95)

Headache  20  17  19
Astheniab  16  24  29
Rash 12  14  9
Nauseac 10  10  4
Dizzinessb 8  14  13
Somnolenceb 8  20  28
Insomniac 6  2  3
Flulike syndrome 5  4  3
Rhinitis 4  4  2
Vomiting 4  4  1

aIncidence of the most frequently reported adverse events in patients with newly diagnosed 
or recurrent epilepsy.

bStatistically less common with lamotrigine than with carbamazepine or phenytoin or both.
cStatistically more common with lamotrigine than with carbamazepine or phenytoin.
(Glaxo Wellcome Kline, data on file.)
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a generalized hypersensitivity reaction, but in others the 
reaction was limited to the skin. Reviews concerning the 
incidence of lamotrigine-associated rash confirm that it is 
slightly higher in children and when lamotrigine is initi-
ated during concomitant therapy with valproate (45). It 
also has been suggested that rapid increases in rate of titra-
tion of lamotrigine will increase the risk of rash (17, 35, 45). 
Although a potential metabolite has been suggested as 
responsible for this reaction, none has been proven (46), 
but the hypersensitivity syndrome has been confirmed 
by lymphocyte stimulation in vitro (47). At present, it is 
estimated that approximately one adult in 1,000 and one 
child in 100–200 treated with lamotrigine may be at risk 
for this potentially life-threatening dermatologic reaction 
(45). Prior AED hypersensitivity reactions may be a predis-
posing condition (48). The incidence of rash in placebo-
controlled trials evaluating adjunctive therapy with 
lamotrigine in pediatric patients (�16 years) was 14% 
(n 	 168) for patients receiving lamotrigine and 12% 
(n 	 171) for patients receiving placebo (49). The overall 
rate of discontinuation due to any rash in all premarketing 
clinical trials with lamotrigine as adjunctive therapy was 
4.4% (n 	 1,081) in children. The prescribing information 
in the United States for lamotrigine (Lamictal®) contains 
a boxed warning concerning serious rashes requiring hos-
pitalization and discontinuation of treatment in associated 
with its use. As stated in the package insert: “Other than 
age, there are as yet no factors identified that are known to 
predict the risk of occurrence or the severity of rash asso-
ciated with lamotrigine. There are suggestions, yet to be 
proven, that the risk of rash may also be increased by (1) 
coadministration of lamotrigine with valproate (includes 
valproic acid and divalproex sodium), (2) exceeding the 
recommended initial dose of lamotrigine, or (3) exceeding 
the recommended dose escalation for lamotrigine. How-
ever, cases have been reported in the absence of these 
factors.” Postmarketing evaluations continue to show 
that nearly all cases of life-threatening rashes associated 
with lamotrigine have occurred within 2 to 8 weeks of 
treatment, but isolated cases have been reported after pro-
longed treatment greater than 6 months. The incidence of 
these serious rashes, including Stevens-Johnson syndrome, 
is approximately 0.8% (8/1000) in children � 16 years 
of age and 0.3% (3/1000) in adults. In a prospectively 
followed cohort of 1,983 pediatric patients taking adjunc-
tive lamotrigine, there was one rash-related death (50). 
Of particular interest are the data from a registry for all 
serious cutaneous reactions in western Germany, which 
has existed since 1990. Since 1996, all of Germany has 
been included in this registry (51–54). In this academically 
based registry of an intensive reporting system, it is felt 
that almost all cases of Stevens-Johnson and toxic epider-
mal necrolysis are detected prospectively and confirmed 
by expert review. During the last six months of 1993, 
when lamotrigine was first marketed in Germany, there 

were five cases of Stevens-Johnson syndrome or toxic epi-
dermal necrolysis associated with lamotrigine reported in 
an estimated 4,050 adults patients exposed to lamotrigine. 
Four patients were also receiving valproate. In the third 
quarter of 1993, the dosing regimen was amended (start-
ing dose when used with VPA was reduced from 15 mg 
daily to 25 mg alternative days), and physicians were edu-
cated accordingly. Despite the continued increase in use 
of lamotrigine from 1994 to the present, the incidence 
of these serious reactions has declined significantly. The 
German registry data through 2001 estimate Stevens-
Johnson occurrence in 0.04% of children and 0.02% of 
adults (55). These data suggest that careful selection of 
patients and dose titration may improve the risk/benefit 
ratio in patients, and especially children, when treated 
with lamotrigine.

The warning in the prescribing information distrib-
uted with lamotrigine that the medication “should ordi-
narily be discontinued at the first sign of rash” may not be 
followed outside the United States because of the benign 
nature of most episodes of rash, even those associated 
with lamotrigine. When rash is associated with flu-like 
symptoms and malaise, myalgia, lymphadenopathy, or 
eosinophilia, this suggests a hypersensitivity reaction. The 
development of these reactions is more common in those 
who have experienced prior allergic symptoms to medica-
tions, particularly those who have experienced allergic 
or hypersensitivity reactions to AEDs. It is unclear that 
the present recommendations suggesting slower dosage 
titration truly reduce the rate of rash, but recognizing the 
risk patterns and paying careful attention to titration and 
dose schedule are mandatory. The clinician’s challenge is 
to work with the family and patient to determine which 
possible skin changes indicate a serious dermatologic 
complication. The time course of appearance (within 4–8 
weeks), associated symptoms, distribution over the body, 
and rash characteristics may significantly help in making 
a decision to discontinue therapy.

Lamotrigine is felt by many to be a nearly ideal 
AED because of its favorable long-term adverse effect 
profile, once rash does not occur during the first few 
months of use. Its relative lack of interactions with 
other drugs made it a preferred agent in many. In 2006, 
emerging data from the north American Antiepileptic 
Drug Pregnancy Registry detected an elevated preva-
lence of isolated, nonsyndromic cleft palate deformity 
in infants exposed to lamotrigine monotherapy dur-
ing the first trimester of pregnancy compared to the 
reference population (3 in 564; 8.9 per 1000 vs. 
0.37 per 1000) (56). This information suggests that 
lamotrigine should be used in pregnancy when the 
potential benefits outweigh any possible risk to the 
developing fetus.

The adverse-effect profile of lamotrigine must 
be balanced against its broad spectrum efficacy and 
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seemingly positive effects on cognition and behavior 
(57, 58).

CLINICAL USE

National and international guidelines and expert con-
sensus statements select lamotrigine as a major AED for 
the treatment of both partial and generalized epilepsy 
(59–63). Its indication for bipolar mood disorders further 
enhances lamotrigine’s utility in the treatment of children 
with comorbid behavioral disorders, especially depres-
sion (49). Despite the neurobehavioral toxicity noted, 
it is well tolerated in most adults and children. Direct 
comparisons reveal positive behavioral and quality of life 
ratings of patient perceptions. In healthy young adult vol-
unteers, lamotrigine and gabapentin had no performance 
or other changes, whereas topiramate demonstrated neu-
rocognitive interference after acute and chronic dosing 
(58). The term brightening has been used as patients seem 
to become less sedated and more alert and attentive.

Because of concomitant AED interactions and the 
potential to increase life-threatening rash (see the section on 
adverse effects), the dosing of lamotrigine must be carefully 
approached. Table 46-2 lists the recommended doses for 
children and adults (6, 10). Initial dosing, using the 2-mg, 5-
mg, or 25-mg tablets, is frequently appropriate in children, 
especially those receiving valproate. The 2-mg or 5-mg dis-
persible tablets allows for correct dosing to be accomplished 
even in most infants. It is recommended that titration of 
dosage be done every 2 weeks until the desired clinical 
effect, usual maintenance dose, or clinical toxicity occurs. 
It is imperative that one prescribe the initial dose in children 
on enzyme-inducing AEDs at 0.6 mg/kg/day, but this initial 

dose must be decreased to 0.15 mg/kg/day if valproic acid 
is being administered (10). Note that the usual maintenance 
dose while on valproate is approximately one-third that 
otherwise required if enzyme-inducing AEDs continue to 
be administered without valproate. Although there is no 
noted pharmacokinetic interaction with carbamazepine or 
other AEDs, we have found that as lamotrigine doses are 
increased in some patients to over 600 mg/day, increased 
neurotoxicity is observed. This pharmacodynamic interac-
tion can be alleviated by reducing existing higher doses 
and levels, particularly of carbamazepine, slightly (typically 
by only 100–200 mg/day) to allow further escalation of 
lamotrigine.

Initial blood level determination in those experiencing 
improved seizure control were below 5 �g/mL. Subsequent 
experience would suggest that levels at least 12–15 µg/
mL are well tolerated by some people, especially when 
lamotrigine is used as monotherapy, with continued sei-
zure improvement as doses are titrated upward. Never-
theless, more neurotoxicity is to be expected at levels in 
this upper range or above.

FORMULATIONS

The preparations of Lamictal (lamotrigine) available in 
the United States have increased in number and qual-
ity. Tablets are available in doses of 25, 100, 150, and 
200 mg and chewable dispersible tablets are available in 
doses of 2 mg, 5 mg, and 25 mg. It is extremely important 
for the clinician to be sure to indicate tablet or chewable/
dispersible tablet when prescribing medications, depend-
ing upon the ability of the child to swallow the dosage 
form. Generic formulations are now available.

TABLE 46-2
Lamotrigine Dose Recommendations in Children and Adults

CONCURRENT AED WEEKS 1 AND 2 WEEKS 3 AND 4 USUAL MAINTENANCE DOSE

Children
 EIAED 0.6 mg/kg/day 1.2 mg/kg/day 5–15 mg/kg/day
 Monotherapy 0.3 mg/kg/day 0.6 mg/kg/day 2–8 mg/kg/day
 Valproic Acid 0.15 mg/kg/day 0.3 mg/kg/day 1–5 mg/kg/day
Adults
 With EIAEDs but no VPA 50 mg/day (once a day) 100 mg/day (2 divided doses) 300–500 mg/day (2 divided 
      doses). Escalate dose by 
      100 mg/day every week
 With EIAEDs and VPA 25 mg every other day 25 mg/day 100–400 mg/day (2 divided 
      doses). Escalate dose by 
      25–50 mg/day every 
      1 or 2 weeks

EIAED: enzyme-inducing antiepileptic drug. Modified from (6, 11).
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CONCLUSION

Lamotrigine is a broad-spectrum AED that is effective 
against both partial and generalized convulsive and 
nonconvulsive seizures. Its efficacy has been demon-
strated in numerous studies in both adult and child-
hood epilepsy. It joins valproate, felbamate, topira-
mate, zonisamide, and levetiracetam as broad-spectrum 

agents. Each agent differs slightly in efficacy profiles 
and reported adverse effects. Improved behavior and 
brightening has been commonly reported in those tak-
ing lamotrigine, whether adjunctive AEDs have been 
removed or continued. Careful dose titration should be 
followed during the initiation of this agent, and removal 
of concomitant agents will allow optimization of mono-
therapy and total dosing.
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Levetiracetam

evetiracetam (LEV), (�)-(S)-alpha-
ethyl-2-oxo-1-pyrrolidine acetamide 
(Figure 47-1), is an antiepileptic 
drug (AED) chemically related to 

the nootropic (cognition-enhancing) agent piracetam (1). 
Since piracetam was known to suppress myoclonic 
jerks (2), similar drugs were evaluated for anticonvul-
sant efficacy, leading to the discovery and development 
of levetiracetam as an AED.

Levetiracetam (LEV) has been available in the United 
States since 2000 and is marketed under the trade name 
Keppra®. It is currently indicated as adjunctive therapy 
in the treatment of partial-onset seizures in adults and 
children 
4 years of age. It was recently approved for 
treatment of myoclonus as well. However, it is used in 
patients younger than 4 years, as monotherapy and in 
other epilepsy types.

CHEMISTRY, ANIMAL PHARMACOLOGY, 
AND MECHANISM OF ACTION

Preclinical Studies

The pharmacologic activity of levetiracetam has been 
evaluated in rats and mice. Levetiracetam is not active 
in the classical acute models of maximal electroshock 

Raman Sankar
W. Donald Shields

(MES) and pentylenetetrazole (PTZ) seizures in mice (3). 
However, LEV does display potent and selective protec-
tion against kindling in a broad range of animal models 
of chronic epilepsy (3–5). This profile distinguishes LEV 
from most other AEDs, which demonstrate similar activ-
ity in both acute and chronic seizure models (3).

The fact that levetiracetam protects animals that 
have been made epileptic via kindling establishes its 
anticonvulsant activity (4). However, in addition to its 
anticonvulsant activity, LEV may also be antiepilepto-
genic, as suggested by the fact that LEV exposure retards 
the acquisition of kindling (5). It is important to note that 
this type of antiepileptogenic activity has been demonstrated 
by some newer AEDs (6–8), but not by others (9).

Levetiracetam also has a high safety margin, as evi-
denced by a remarkable separation between the dose that 
protects against convulsions and the dose that impairs 
rotarod performance. This observation was borne out of 
data in corneal electroshock–kindled mice and Genetic 
Absence Epilepsy Rats from Strasbourg (GAERS), which 
showed a high therapeutic index for LEV (3). Addition-
ally, LEV demonstrates activity in animal models believed 
to represent generalized epilepsy. Levetiracetam has been 
shown to protect against seizures induced by acoustic 
stimulation in sound-sensitive mice (10) and rats (11) and 
against spike-and-wave discharges in GAERS rats (11). 
Levetiracetam was able to terminate self-sustaining status 
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epilepticus in rats and displayed synergy with diazepam 
in this model (12). Some limited animal data also indi-
cate neuroprotective effects of LEV in models of status 
epilepticus (13, 14).

Mechanism of Action

Fortuitously, LEV was discovered to have antiepilep-
tic properties prior to undergoing NIH-standardized 
animal-model testing, which showed that LEV was not 
active in the standard models (15). This observation 
was an indication that LEV has a novel mechanism 
of action. It also indicates that the NIH-standardized 
screening may be missing important therapeutic agents 
and opportunities. Further evidence supporting novel 
activity lies in the fact that LEV does not produce 
changes in neuronal excitability by modulation of any 
of the three main mechanisms underlying classical AED 
activity (i.e., use-dependent blockade of voltage-gated 
sodium channels, inhibition of low-threshold [T-type] 
calcium currents, and augmentation of GABAergic 
inhibitory responses) (16–18).

In-vitro testing has shown that LEV does not dis-
place ligands specific for 55 different binding sites, includ-
ing receptor systems, reuptake sites, second messenger 
systems, and channel proteins (3). The exact mechanism 
of antiepileptic action of LEV remains to be elucidated; 
however, the following preclinical studies indicate that 
certain atypical cellular effects may be involved in 
reducing neuronal excitability:

 • In isolated CA1 hippocampal neurons, LEV inhib-
its high-voltage–activated calcium currents (19, 
20), with selective blockade of N-type calcium 
channels (20).

 • From studies in isolated hippocampal, spinal, and 
cerebellar neurons, and in sound-susceptible mice, 
LEV has been shown to suppress negative allosteric 
modulators (zinc and beta-carbolines) of GABA- and 
glycine-gated currents (21). Although hyperexcit-
ability may underlie some of the genetic epilepsies 
that are presently regarded as channelopathies, the 
acquired epilepsies seem to reveal anatomic and 
physiologic evidence of seizure-associated circuit 
rearrangement, which may be, in part, responsible 
for their intractability. Space in this chapter does 
not permit extensive discussion of the role of mossy 
fiber sprouting in the epileptogenic process, but it 
should be mentioned that mossy fiber sprouting is 
seen both in experimental models of temporal lobe 
epilepsy as well as in human hippocampi resected 
during surgical treatment of mesial temporal lobe 
epilepsy. Mossy fiber synapses release zinc, and zinc 
antagonizes GABA-mediated inhibition. The abil-
ity of LEV to reverse this interference by zinc of 
GABAergic inhibition (21) may thus be relevant to 
its effect on chronic or established epilepsy in animal 
models.

 • One study, in isolated CA1 hippocampal neurons, 
suggests that LEV may produce a modest reduction 
in the delayed-rectifier potassium current, thereby 
lengthening repolarization time (22). A more recent 
study, however, detected no effect of LEV on the 
delayed-rectifier potassium current (23).

 • Levetiracetam has shown activity in blocking syn-
chronization in a slice experiment in which conven-
tional AEDs such as valproic acid, benzodiazepines, 
and carbamazepine (CBZ) were inactive (24, 25). 
This is quite interesting because conventional AEDs 
have been shown to have impact mainly on hyper-
excitability, even though the two underpinnings of 
the epileptic state are hypersynchrony and hyper-
excitability. How does LEV accomplish this? Could 
it be antagonizing currents mediated by gap junc-
tions that are responsible for “local” synchrony? 
We do not know for certain, but the possibility is 
intriguing.

 • Levetiracetam has been shown to bind to a syn-
aptic vesicle–associated protein known as SV2A 
(26). Mice homozygous for SV2A gene disruption 
exhibit deficiency in action potential-dependent 
GABAergic neurotransmission and develop spon-
taneous seizures (27). It has been proposed that SV2 
may enhance neurotransmitter release probability 
at quiescent synapses by priming vesicles (28). The 
full details pertaining to the interaction of LEV 
with vesicle docking and neurotransmitter release 
remains to be elucidated.

FIGURE 47-1

Levetiracetam [(�)-(S)-alpha-ethyl-2-oxo-1-pyrrolidine 
acetamide].
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BIOTRANSFORMATION, 
PHARMACOKINETICS, AND 
INTERACTIONS IN HUMANS

Over 30 clinical studies have evaluated both the single- 
and multiple-dose pharmacokinetics of LEV follow-
ing oral administration. Data from these studies have 
delineated the pharmacokinetic profile of LEV (29, 30) 
(Table 47-1).

Absorption and Distribution

Pharmacokinetic data in adults show that LEV is rapidly 
and almost completely absorbed after oral administration. 
Absolute oral bioavailability is nearly 100%, and food 
does not affect the extent of absorption, but does slow 
the rate of absorption. Peak plasma levels are generally 
achieved within 1 hour following oral administration in 
fasted subjects, and steady-state plasma levels are reached 
after 2 days of twice-daily dosing. Levetiracetam exhib-
its linear pharmacokinetics at recommended doses (29).
Levetiracetam is not extensively bound (10%) to plasma 
proteins, and its volume of distribution is close to that of 
intracellular and extracellular body water (29).

Metabolism and Elimination

Levetiracetam is not extensively metabolized in humans 
(24% of a dose). The main metabolic pathway involves 
enzymatic hydrolysis of the acetamide group, is inde-
pendent of the cytochrome P450 system, and results in 
the formation of the major metabolite of LEV, which 
is pharmacologically inactive (29,30). Levetiracetam 
plasma half-life is 7.0 hours and is unaffected by dose 
or repeated administration. Elimination of both LEV 
and its major metabolite is via renal excretion, whereby 
66% of a dose is excreted as unchanged drug. Total body 
clearance of LEV is 0.96 mL/min/kg. Renal clearance is 
0.6 mL/min/kg and is directly proportional to creatinine 
clearance (29,30).

In patients with renal impairment, the elimination 
half-life of LEV is prolonged and total body clearance is 
decreased 35% to 60%, compared with that in healthy 
subjects. Thus, daily maintenance doses should be reduced 
in these patients. Levetiracetam is dialyzable; therefore, 
supplemental doses should be given to patients following 
dialysis (29, 30).

Elderly patients experiencing age-related renal func-
tion decline may also require dose reduction of LEV based 
on their estimated creatinine clearance. Patients with 
hepatic impairment have no changes in LEV pharmaco-
kinetics, and therefore require no dose reduction (29).

Pediatric Pharmacokinetics

Pharmacokinetic data in children derive from a mul-
ticenter, open-label, single-dose titration study (31). 
Twenty-four patients (aged 6 to 12 years) received oral 
LEV as adjunctive therapy at a dose of 20 mg/kg/day. 
In this pediatric study, LEV clearance was 30 to 40% 
higher than in adults, resulting in a lower C and area 
under the curve (AUC) equated for a 1 mg/kg dose. A 
correspondingly shorter half-life, of 6.01 hours, was 
observed. Additionally, no significant gender or age dif-
ferences in pharmacokinetic parameters of LEV were 
noted. Based on these data, a dose equal to 130% to 
140% of the usual daily adult dose in two divided doses, 
on a weight-normalized level, may be the most appropri-
ate daily maintenance dose in children.

TABLE 47-1
Levetiracetam Pharmacokinetic Profile

PARAMETER EFFECT

Absorption Rapidly and almost-completely 
  (�95%) absorbed
 No saturable absorption
 No food interaction
Distribution
  tmax 1.3 hr
  Cmax 2.3 �g/mL
  AUC 222 �g · hr/mL
  Enzyme kinetics Linear kinetics; Cmax and AUC
  are proportional in single 
  doses up to 5000 mg
  tss After 48 hr
  Plasma-protein  �10%
   binding 
  Vd 0.5–0.7 L/kg
Metabolism Minimal; in blood to the 
  inactive deaminated 
  metabolite L057
 Not dependent on the hepatic 
  CYP system
 No auto-induction
Elimination In urine; 66% as parent drug, 
  24% as L057
  t1/2 Adults 6–8 hr, elderly 10–11 hr, 
  children 6 hr

tss, time to plasma steady-state concentration; t1/2, elimina-
tion half-life.

Source: From Patsalos PN. Pharmacokinetic profile of 
levetiracetam: toward ideal characteristics. From (29), with 
permission.
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Drug Interactions

Early study of metabolic interactions indicated a low 
potential for LEV drug interactions (32), and support of 
this observation has been borne out in additional studies. 
Pooled data from pivotal Phase III trials confirm that LEV 
has no known interactions with other AEDs (33). Addi-
tionally, LEV does not influence the pharmacokinetics 
of an oral contraceptive containing ethinyl estradiol and 
levonorgestrel; on the basis of serum progesterone and 
luteinizing hormone levels, it does not affect contracep-
tive efficacy (34). Levetiracetam also does not affect the 
pharmacokinetics of digoxin (35) and warfarin (36).

CLINICAL EFFICACY

Partial Seizures

The efficacy of LEV in adults has been evaluated 
extensively. Three randomized, double-blind, placebo-
controlled clinical trials conducted in the United States 
and Europe that enrolled 904 patients were pivotal in 
supporting LEV efficacy as adjunctive therapy in adults 
with refractory partial-onset seizures with or without 
secondary generalization (37–39). All three of these 
studies evaluated LEV using similar methodology. After 
an 8-week to 12-week baseline period, patients entered 
a titration phase where, upon randomization, they had 
doses titrated upward every 2 weeks over a period of 4 to 
6 weeks to a final dose of 1,000, 2,000, or 3,000 mg/day 
in divided doses, or placebo. Subsequent to titration, a 

12-week to 14-week evaluation phase, followed by an 
optional open-label phase, was completed. A pooled 
efficacy analysis of these placebo-controlled studies (40) 
indicates the following. In all three of these studies and in 
all dose groups, compared with placebo, treatment with 
LEV resulted in reduced seizure frequency that was statis-
tically significant. Patients receiving LEV achieved a 31% 
median decrease in seizures from baseline, compared with 
only a 5.4% median decline in placebo-treated patients 
(P � 0.001). Additionally, 35% of LEV-treated patients 
achieved 50% seizure reduction, compared with 9.4% 
of placebo-treated patients (P � 0.001). In these stud-
ies, increasing response was associated with increasing 
dose. Whereas the 50% responder rate in placebo-treated 
patients was 9.4%, 50% responder rates at doses of 
1,000, 2,000, and 3,000 mg/day were 28.6%, 35.2%, 
and 39.5%, respectively. This same trend was seen in 
patients who were 100% responders (Figure 47-2).

Other blinded, placebo-controlled (41) and open-
label trials (42, 43) support efficacy in partial seizures 
established by the three pivotal trials. In these trials, 
conducted using doses from 1,000 to 4,000 mg/day, 
responder rates in patients with partial-onset seizures 
ranged from around 40% to 60%.

Outside of the traditional clinical trial setting, LEV 
performance has also been studied in a large, phase IV 
community-based (KEEPER) trial of 1,030 subjects (44). 
In this 16-week study involving five office visits, adult out-
patients with partial-onset epilepsy received add-on LEV 
therapy. Overall, 57.9% of patients achieved 50% seizure 
reduction, and global evaluation scores were improved 

FIGURE 47-2

Pooled response rates by dose from pivotal phase III trials (40).
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compared to baseline in nearly 75% of patients. Results 
of a subset analysis revealed that these findings confirm 
efficacy results seen in phase III trials. In the SKATE trial, 
178 adult patients were treated for 16 weeks with 1,000, 
2,000, or 3,000 mg LEV in an open-label, add on study 
of medically refractory patients. The retention rate at 16 
weeks was 84.8%. The 50% responder rate was 46.6% 
with 16.7% of patients achieving seizure freedom (45).

Monotherapy Studies in Partial Seizures

The data are limited for the use of LEV for monotherapy 
but there is no reason to assume that it cannot be used as 
monotherapy in many patients. A responder-selected study 
of monotherapy was performed in 286 patients. The study 
began as an add-on study with patients receiving either 
placebo or 1,500 mg twice daily. Patients who had at least 
a 50% reduction is seizures entered into a monotherapy 
phase with a 12-week down-titration of previous medica-
tions followed by 12 weeks of monotherapy at 1,500 mg 
twice daily. In the initial placebo controlled component 
of the study, 42.1% of the LEV group achieved a 50% 
reduction compared with 16.7% of controls. In the LEV 
monotherapy group, the median percent reduction was 
73.8%. Nine of the original 181 patients randomized to 
LEV were seizure free on monotherapy 46). Data from 
retrospective chart reviews also provide a basis for effica-
cious monotherapeutic performance. In a review of 45 
patients with newly diagnosed partial-onset epilepsy, 
5 of 11 patients on LEV therapy for at least 6 months 
achieved 50% seizure reduction, and 6 became seizure 
free (47).

A randomized, placebo-controlled trial (48) com-
paring LEV (n 	 288) and controlled-release carbam-
azepine (CBZ, n 	 291) in new-onset epilepsy produced 
equivalent seizure-freedom rates using conservative doses 
(LEV, 500 mg twice daily vs. CBZ 200 mg twice daily). 
One-year remission was achieved by 86% of the patients 
treated with LEV, while CBZ resulted in remission in 
89.3% patients (48).

Generalized Seizures

A number of uncontrolled or retrospective reports sug-
gest that LEV may be of value in patient with generalized 
seizures. In a small case series of three patients who had 
failed at least three other AEDs, monotherapy for pri-
mary generalized epilepsy (PGE) was assessed (49). All 
three patients became seizure free for at least 6 months 
on LEV therapy. Wever reported on ten patients with 
generalized seizures, including 6 with PGE and 4 with 
Lennox-Gastaut syndrome. One became seizure free, and 
4 more had a � 50% reduction in seizures (50). The 
add-on monotherapy trials in children by Lagae et al (51) 
confirmed the efficacy of LEV in both partial and gener-

alized epilepsies. A retrospective study of 59 intractable 
epilepsy children reported a �50% reduction in 40% of 
intractable partial seizures, 55% of generalized seizures, 
and 61% of those with mixed seizures (52).

Two studies that assessed the response of spike-
wave density in patients with idiopathic generalized 
epilepsy with baseline and post-treatment 24-hour EEG 
have reported impressive results (53, 54). Gallagher 
et al (53) reported complete cessation of spike-waves in 
9 of 10 patients studied in the awake state and significant 
reduction during sleep. Rocamora et al (54) reported a 
72% reduction in median spike-wave duration in their 
8 patients. Efficacy of LEV on a variety of epilepsy 
syndromes involving myoclonus is discussed under a 
separate heading below. It should be noted, under the 
present heading, that data submitted to the U.S. Food 
and Drug Administration (FDA) on the efficacy of LEV 
on myoclonus associated with juvenile myoclonic epilepsy 
(JME) has resulted in approval in the United States for that 
indication. This is consistent with the open-label experi-
ence with LEV on JME reported by Specchio et al (55). 
As of April 1, 2007, LEV has received approval from the 
FDA for use in primary generalized tonic-clonic seizures 
in patients 6 years of age or older.

Pediatric Studies

Following the establishment of its efficacy and safety in 
adults, levetiracetam adjunctive therapy was evaluated in 
an open-label trial in children. The 24 pediatric patients 
enrolled in the open-label, single-dose pharmacokinetic 
study (31) were also evaluated subsequently for leveti-
racetam efficacy and safety (56). After a 4-week baseline 
period, these children (mean age 9.4 years) participated in 
a 6-week titration phase, followed by an 8-week evaluation 
phase in which doses ranged from 20 to 40 mg/kg/day. 
Compared with their baseline seizure frequency, 12 of 23 
(52%) patients who entered the evaluation phase achieved 
50% seizure reduction, and 5 of 23 (21.7%) achieved 75% 
seizure reduction. Two patients remained seizure free 
throughout the evaluation period. In another open-label 
study of 39 pediatric patients (mean age 8.6 years) with 
refractory epilepsy, adjunctive levetiracetam therapy was 
evaluated during a 9-month treatment period (57). Results 
of this study support reduced seizure frequency, improved 
cognition and behavior, and good tolerability.

A double-blind placebo-controlled trial of LEV as 
adjunctive therapy was performed in 198 children with 
medically intractable partial seizures. The reduction of 
LEV treated patients over placebo treated was signifi-
cant at 26.8% (P 	 0.0002) with a �50% reduction in 
44.6% of the LEV group. Significantly, 6.9% of LEV-
treated patients became seizure free (58). This study 
led to FDA approval of LEV as adjunctive therapy for 
children.
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Verrotti et al (59) used LEV in 21 patients with benign 
rolandic epilepsy (BECTS) and found that all of the patients 
had at least a 50% reduction in seizures. A longer follow-up 
study comparing the efficacy of oxcarbazepine (OXC) to 
LEV in rolandic epilepsy by the same group found 19 of 
21 (90.5%) children treated with LEV to be seizure free, 
compared to 13 of 18 (72.2%) treated with OXC (60).

Case reports suggest that LEV may be helpful in chil-
dren with seizures due to tuberous sclerosis (61). While 
one specific case of LEV-responsive Landau Kleffner 
syndrome has been reported (62), other reports (63, 64) 
describe the utility of LEV in syndromes of continuous 
spikes and waves during slow sleep (CSWS). There are 
no convincing data to advocate the use of LEV in cata-
strophic childhood epilepsies such as infantile spasms or 
Lennox-Gastaut syndrome.

Myoclonus

Several open-label studies of LEV in myoclonus due to 
a variety of underlying disorders have been reported. 
In a study of juvenile myoclonic epilepsy, 38 patients 
were enrolled and titrated to a dose of 3,000 mg/day 
over 2 weeks. Half of the 10 newly diagnosed patients 
were seizure free, as were 11 of 38 previously refrac-
tory patients (55), indicating that LEV may be a reason-
able alternative to the more traditional medications such 
as valproic acid. LEV appears to be effective in many 
patients with Unverricht-Lundborg disease, with 8 of 13
patients demonstrating a measurable improvement. Most 
responders were the younger patients in the study (65). 
The report by Labate et al (66) involved both patients 
with idiopathic and symptomatic generalized epilepsies 
and myoclonus. They reported 50% or greater seizure 
reduction in 82% of the 35 patients studied.

CLINICAL USE IN PEDIATRIC PATIENTS

Levetiracetam is an appropriate medication to use in the 
pediatric age group. It is approved for add-on therapy for 
partial seizures in children �4 years and for myoclonus 
associated with JME. It has also received approval for use in
patients 5 years of age or older for primary generalized 
tonic-clonic seizures. However, it should be noted that 
special consideration must be given to use of levetiracetam 
in children. Based on pharmacokinetic data, levetiracetam 
clearance is enhanced in children as compared to adults. Thus, 
in patients under the age of 12, 130–140% of the adult daily 
dose, normalized to body weight, may be appropriate.

The fact that many adult patients will respond 
to 1,000 mg/day should be taken into account when 
prescribing for children. It is prudent to start at a low 
dose, then titrate upward slowly, as this may diminish 
the propensity for adverse effects. Levetiracetam is cur-

rently available as tablets and as a liquid preparation, 
so it can be readily administered to children of all ages 
and children with special needs, such as those fed by 
gastrostomy tube.

Long-Term Studies

Long-term clinical usefulness of LEV has been evalu-
ated. In one study, data from all 1,422 epilepsy patients 
exposed to LEV during any phase of development were 
analyzed (67, 68). The median duration of treatment was 
399 days (range 1–8 years), and the median reduction 
from baseline in seizure frequency over the entire treat-
ment period was 39.6%. Furthermore, no decrease in 
efficacy was observed over time in each cohort exposed 
to LEV ranging from 6 to 54 months.

Other studies looking at refractory epilepsy patients 
followed for 1 year support findings of sustained effi-
cacy. In one open-label study of 98 patients, 57 achieved 
50% seizure reduction and 14 were seizure free for the 
first year. This study particularly attempted to investigate 
types of patients who would not be eligible for clini-
cal trials because of factors such as mental retardation 
and comorbid neuropsychiatric disorders (69). Another 
study reported a 26% seizure-free rate at one year, and 
this benefit correlated with the fact that 77% of patients 
continued on LEV therapy at 1 year (70).

Quality of Life Studies

The effect of LEV on quality of life has been investigated. 
Using the 31-item Quality of Life in Epilepsy (QOLIE-31) 
questionnaire, patients randomized to LEV at 1,000 or 
3,000 mg/day or to placebo were studied over an 18-
week period. Significant improvements in several areas, 
including seizure worry, overall quality of life, cognitive 
functioning, and total score, were seen in patients tak-
ing LEV compared with those taking placebo (71). A 
subsequent evaluation of a subset of these patients who 
were followed for 4 years indicates that improvements 
in QOLIE-31 scores remained stable during the 4-year 
follow-up period (72).

ADVERSE EFFECTS IN ADULTS

The majority of clinical safety data on LEV derive from 
four large, well-controlled trials (three pivotal phase III 
and one supportive phase III), which included 769 patients 
who received levetiracetam and 439 who received placebo 
(37–39, 41, 73).

A pooled analysis of these four trials found that 
the most frequently reported treatment-emergent 
adverse events associated with LEV adjunctive ther-
apy were somnolence, asthenia, infection, and dizzi-
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ness (Table 47-2). Overall, a total of 15.0% of patients 
receiving LEV and 11.6% receiving placebo either dis-
continued or had a dose reduction as a result of an 
adverse event (73).

CNS adverse events, often seen in AED-treated 
patients, occurred in LEV-treated patients. The most com-
mon, somnolence and asthenia, were reported by 14.8% 
and 14.7% of LEV-treated patients, compared with 8.4% 
and 9.1% of placebo-treated patients, respectively. A 
total of 3.4% of LEV-treated patients experienced coor-
dination difficulties (reported as ataxia, abnormal gait, or 
incoordination), compared with 1.6% of placebo-treated 
patients. Somnolence, asthenia, and coordination difficul-
ties occurred most frequently within the first 4 weeks of 
treatment. Additionally, 13.3% of LEV-treated patients 
experienced behavioral symptoms (reported as agitation, 
hostility, anxiety, apathy, emotional lability, depersonal-
ization, and depression) compared with 6.2% of placebo 
patients. The majority of these behavioral adverse events 
were reported early in therapy and occasionally led to 
withdrawal (73).

Regarding hematologic adverse events, minor but 
statistically significant decreases compared with placebo in 
total mean red blood cell (RBC) count, mean hemoglobin, 
and mean hematocrit were seen in LEV-treated patients. 
However, all mean values for these parameters remained 
within normal laboratory ranges. There were small mean 
decreases in white blood cell (WBC) count from base-
line to the final visit in LEV-treated patients. However, 

no patient required discontinuation due to underlying 
neutropenia, and the infection adverse events were not 
related to WBC changes (73).

No significant changes were noted in liver function 
tests, renal function, or body weight (73).

There are no adequate and well-controlled studies 
of LEV in pregnant women; thus, it is assigned Preg-
nancy Category C. Some of the major known mechanisms 
that mediate AED teratogenicity (74), such as activation 
of cytochrome P450 systems and inhibition of histone 
deacetylation, do not apply to LEV. Extensive transfer of 
LEV from plasma to breast milk (ratio  1:1) has been 
described (75, 76), but infants had very low serum con-
centrations of LEV. Clinical judgment regarding the ben-
efit of LEV therapy should be exercised, and the finding 
is not generally considered a contraindication to the use 
of LEV in breastfeeding mothers.

ADVERSE EFFECTS IN PEDIATRIC PATIENTS

Regarding safety, the most common adverse events 
reported were headache, infection, anorexia, and 
somnolence. No significant alterations in mean clini-
cal laboratory values or in concomitant AED plasma 
concentrations were observed. Safety data from vari-
ous studies (56–58) suggest that, as in adults, LEV is 
generally well tolerated in children. One area of note, 
however, is the occurrence of emergent behavioral side 

TABLE 47-2
Incidence of Adverse Experiences Reported More by LEV-Treated Patients 

Than by Placebo-Treated Patients, by Body System

BODY SYSTEM/
PREFERRED TERMS LEVETIRACETAM (n 	 769) PLACEBO (n 	 439)

Body as a whole    
 Asthenia 113 14.7% 40 9.1%
 Headache 105 13.7% 59 13.4%
 Infection 103 13.4% 33 7.5%
 Pain 52 6.8% 26 5.9%
Nervous system    
 Depression 31 4.0% 10 2.3%
 Dizziness 68 8.8% 18 4.1%
 Somnolence 114 14.8% 37 8.4%
 Nausea 34 4.4% 19 4.3%
 Insomnia 24 3.1% 11 2.5%
 Nervousness 30 3.9% 8 1.8%
Respiratory system    
 Pharyngitis 47 6.1% 17 3.9%
 Rhinitis 34 4.4% 11 2.5%

Data are for events reported by 
3% of levetiracetam-treated patients.
Source: (73). Data on file, UCB Pharma
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effects. Specifically, aggression, emotional lability, oppo-
sitional behavior, and psychosis have been described 
in some children taking levetiracetam (56–58, 77). In 
the aforementioned study of 24 patients by Glauser et 
al, the incidence of emotional lability was 12.5% (56). 
Wheless and Ng studied 39 children and reported that 
15 of these patients experienced behavioral side effects. 
Furthermore, 11 of these 15 patients were develop-
mentally delayed or mentally retarded (57). A small 
review of four pediatric epilepsy cases by Kossoff 
et al reports that each of these patients experienced 
treatment-emergent psychosis that was reversible 
(77). These studies also indicate that the treatment-
emergent behavioral side effects are reversible, have a 
higher incidence in children with a history of behav-
ioral emotional problems, and may be associated with 
rapid titration (56–58, 77). A meta-analysis of AED-
associated behavioral and psychiatric adverse events 
suggested that the incidence of such effects with LEV 
is not substantially different from that associated with 
most new-generation AEDs (78).

CONCLUSION

Levetiracetam has emerged as an important new anti-
convulsant medication for patients with many different 
types of epilepsy. Initial data led to approval as adjunctive 
therapy in adults. More recent data have extended this to 
the pediatric population and to use in myoclonic seizures 
associated with JME. It has also received approval for 
use in primary generalized tonic-clonic seizures in patients 
6 years of age or older. The recent availability of an intra-
venous solution with comparable bioavailability to the oral 
preparations (79, 80) provides flexibility in administration 
to patients unable to take the oral medications, including 
patients immediately after surgical procedures. It can be 
useful in patients with myoclonus or with generalized sei-
zures and is an attractive option in view of the excellent 
safety and lack of drug interactions associated with its use. 
These advantages have resulted in extensive use of LEV for 
the treatment of seizures in patients on complex medical 
regimens such as cancer chemotherapy or medications to 
prevent rejection of transplanted organs.
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Barbiturates and 
Primidone

arbiturates constitute the oldest 
category of anticonvulsant medi-
cations that continue to be widely 
used in the management of epilepsy 

and other disorders. Their usefulness derives from a 
combination of efficacy, safety, and low cost. These vir-
tues account for the fact that barbiturates likely remain 
among the most widely employed anticonvulsants in 
the world. Although phenobarbital (PB) is the major 
focus of this chapter, other drugs are reviewed, par-
ticularly mephobarbital, pentobarbital, and primidone. 
Mephobarbital (MPB) is a useful alternative to PB, 
more widely employed in some other countries, such as 
Australia, than in the United States. Like primidone, it 
undergoes biotransformation to PB. Among the more 
sedative barbiturates, pentobarbital has been useful 
in the management of severe and persistent seizures 
that do not respond to more routine anticonvulsant 
therapy. Primidone (PRM) is not actually a barbiturate, 
although it is subject to biotransformation into PB and 
probably exerts most of its anticonvulsant effects in 
that form. Because the major antiepileptic effects and 
side effects can be ascribed to the PB metabolite and 
because of pharmacokinetic and pharmacodynamic 
similarities, it is quite appropriate to consider PRM 
in this chapter.

Robert S. Rust

PHENOBARBITAL

Phenobarbital is 5-ethyl-5-phenyl substituted barbituric 
acid, with a molecular weight of 232.23. It is a weakly 
acidic substance with a pKa that is usually reported as 7.3 
(1–4). The free acid has low aqueous and relatively low 
lipid solubility; however, the sodium salt, which is used 
for intravenous (IV) and intramuscular (IM) preparations, 
is freely soluble in slightly alkaline aqueous solutions.

Mechanisms of Action

Phenobarbital exhibits a wide spectrum of anticonvulsant 
activity, conferring protection to animals subjected either 
to electroshock or to chemically induced (pentylenetet-
razol or bicuculline) experimental seizures (5, 6). This 
spectrum is shared by most barbiturates and is consistent 
with their wide spectrum of activity in clinical seizure 
disorders.

Understanding of the antiepileptic activity of PB has 
been limited by the incomplete state of our understand-
ing of the mechanisms of epilepsy. Current views sug-
gest that PB modulates the postsynaptic effects of certain 
neurotransmitters. The modulation is thought to affect 
both the inhibitory substance gamma-aminobutyric acid 
(GABA) and such excitatory amino acids as glutamate. 

B
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Whether by these or other mechanisms, antiepileptic bar-
biturates appear to elevate the threshold to chemical or 
electrical induction of seizures in ways that differ from and 
are in some respects superior to those of phenytoin (7).

A large body of information has accumulated con-
cerning the ability of barbiturates to depress physiologic 
excitation in the nervous system and enhance inhibition 
of synaptic transmission. PB shares with pentobarbital 
(PnB) the capacity for selective postsynaptic augmenta-
tion of GABA-mediated inhibition and depression of 
glutamate- and quisqualate-mediated excitation in at 
least some central nervous system (CNS) regions (8–14). 
Barbiturate augmentation of GABA-stimulated postsyn-
aptic inhibition appears to be due to activation of a sub-
set (alpha-beta) of the GABAA-receptor gated chloride 
channels (13, 15). These receptors differ from those that 
are activated by benzodiazepines and are differentially 
expressed in brain (16). These postsynaptic effects are 
produced at clinically relevant concentrations (12, 13). 
Evidence that phenobarbital may elevate concentration 
of kynurenic acid in relevant brain tissues suggests yet 
another mechanism whereby this anticonvulsant may 
control epilepsy. This novel mechanism may be shared 
by phenytoin, felbamate, and lamotrigine (17).

The reduction of voltage-activated calcium cur-
rents may in part account for the sedative and anesthetic 
effects of barbiturates and may possibly play a role in 
the efficacy of PnB and very high concentrations of PB 
in suppressing seizures (13). This is another potential 
mechanism whereby these agents may work in the setting 
of intractable status epilepticus with barbiturate coma 
and may represent one of the mechanisms for production 
of anesthesia (13).

Pharmacokinetics

Absorption. Phenobarbital is rapidly and nearly com-
pletely absorbed after oral or IM administration to infants 
or children. For most children older than 6 months of age 
or adults, it is likely that peak serum concentrations of 
PB are achieved by 2 hours after oral and 2–4 hours after 
IM bolus administration of the usual age-appropriate 
maintenance doses. The bioavailability of most oral 
and parenteral formulations is essentially quantitative 
(85–100%) through a wide range of doses in otherwise 
healthy children (�6 months of age) or adults. Rectally 
administered parenteral solutions of sodium PB are well 
absorbed at all ages, although the latency to peak con-
centration may be slightly longer and the bioavailability 
slightly lower than after IM administration (18).

Distribution. Phenobarbital disseminates into all 
body tissues. At lower serum pH the ionized fraction of 
serum PB is smaller, and therefore diffusion into tissues 
is enhanced, leading to lower serum but higher tissue 

concentrations. More alkaline serum produces opposite 
effects (4). Only approximately 50% or less of circulating 
PB is bound to serum proteins in most patients whose 
ages are greater than 3 to 6 months. Equilibration of PB 
across the blood-brain barrier is relatively slow. Twelve 
to 60 minutes are required for maximal brain-to-plasma 
PB ratios in adult mammalian brain after IV administra-
tion. These data suggest that (1) dosage of PB should 
be based on lean body mass to avoid overdosing obese 
individuals (19, 20), and (2) sufficient time for maximal 
brain penetration should be allowed to occur after bolus 
administration of PB before administration of additional 
doses.

Phenobarbital readily crosses the placenta and is 
secreted in breast milk (21, 22). Breast milk concentra-
tions were 36 � 20% and 41 � 16% of maternal serum 
concentrations in two studies (23, 24). The newborn 
infants of mothers treated with PB have levels equiva-
lent to those of their mothers immediately after birth 
(23, 25–28). Estimates of the apparent volume of distri-
bution (Vd) of PB vary over nearly a fourfold range but 
are generally larger in infants and small children than in 
older individuals (29–31). The Vds for newborns and 
infants less than 4 months of age treated with IV PB aver-
age approximately 0.9 to 1.0 L/kg, independent of body 
weight, dose, gestational age, or occurrence of asphyxia 
(29, 32–35). Older children and adults exhibit Vds that 
range from approximately 0.45 to 0.7 L/kg more or less 
irrespective of route of administration (36–38).

Metabolism and Elimination. Phenobarbital may be 
excreted unchanged or may undergo biotransformation 
before excretion. The most quantitatively important 
fates for PB metabolism include (1) aromatic hydrox-
ylation to p-hydroxyphenobarbital (PBOH) and (2) 
N-glucosidation to 9-D-glucopyranosyl phenobarbital 
(PNG) (39, 40). On average (with wide interindividual 
variation), approximately 20% to 30% of a daily dose 
of PB is converted to the pharmacologically unimport-
ant PBOH, apparently by at least one cytochrome P450 
isozyme. In most children and adults, about half of the 
PBOH is excreted unchanged and about half is excreted 
as a PBOH-glucuronide conjugate that is formed in 
liver (41). Although PB is the classic inducer of hepatic 
microsomal metabolism, it does not appear to induce 
significant changes in its own metabolic rate or plasma 
clearance in humans, although slight effects may occa-
sionally be detected (42, 43).

Phenobarbital has the longest half-time of elimina-
tion of any of the frequently used anticonvulsants. The 
two-standard-deviation range for half-time of elimination 
in children and adults is 24 to 140 hours, resulting in the 
capacity to eliminate between 11% and 50% of total body 
PB in 24 hours (42, 44–48). Elimination half-time is lon-
gest in premature and full-term newborns, with various 
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studies showing mean values of 100 to 200 hours with 
standard deviations of 30% to 80% (full range across 
these studies of 59 to greater than 400 hours) (31, 33, 
49–52). Clearance may vary from day to day in indi-
vidual babies (52); however, the rate of elimination may 
double by the second week of life and tends to continue 
to increase for the ensuing few weeks. Infants 6 weeks to 
12 months old have the shortest mean half-times of elimi-
nation (30–75 hours) of any age group (31, 35, 53, 54). 
At age 2 months half-time of elimination is usually in 
the range of 39 to 55 hours. Children 1 to 15 years of 
age typically have half-time of elimination of 37 to 73 
(68 � 30) hours, while subjects 15 to 40 years of age 
have 53 to 141 (100 � 20) hours half-time of elimination 
(30, 55). Perinatal asphyxia may considerably decrease 
the clearance by newborns, probably due to the combi-
nation of renal and hepatic dysfunction (22, 35, 38, 53, 
56–65). Clearance of unmetabolized PB may be higher 
at higher rates of urine formation (66–68) or in more 
alkaline urine, as both of these conditions reduce the 
rate of PB resorption in the distal nephron. Eightfold 
increase in the rate of urine formation may increase PB 
clearance by three- to fourfold (69, 70). This effect may 
be considerably enhanced by the alkalinization of urine 
with sodium bicarbonate (4).

Interactions with Other Drugs

Although some drugs affect PB kinetics, most of the 
pharmacokinetically important interactions encoun-
tered with the use of PB are those caused by the effects 
of PB on the kinetics of other drugs. The most common 
key encountered effect that PB has on the metabolism 
of other drugs is to increase their biotransformation, 
thereby increasing their clearance rate. PB is the pro-
totypical inducer of the hepatic mixed-function oxi-
dase system that comprises, among other elements, 
the numerous isoenzymes of cytochrome P450 and of 
NADPH-cytochrome c reductase.

A list of drugs for which this effect may be clinically 
important is provided in Table 48-1 (43, 71–94). In sev-
eral instances, as indicated in Table 48-1, PB may result 
in increased concentrations of potentially toxic metabo-
lites. The enhancement of potential valproate toxicity to 
kidney and liver must be considered in cases in which 
these drugs are used in combination. Renal tubular injury 
may be exacerbated by the increased dose of valproate 
required in some patients taking PB (92, 93), while the 
chance of hepatic injury may be increased because of PB-
induced production of the “4-en” metabolite of valpro-
ate, which appears to be toxic to hepatocytes (95–98). 
Phenobarbital co-administration may increase the risk 
for valproate-induced hyperammonemic encephalopathy, 
perhaps by means of unfavorable effects on ammonia 
clearance (99).

Although PB induces the metabolism of phenytoin, 
the degree of that effect is seldom great enough to cause an 
adjustment of phenytoin dosage (100, 101). Other impor-
tant potential effects of comedication with PB include 
inadequate anticoagulation with warfarin (43, 73, 94), 
reduction of serum levels of exogenously administered 
prednisone or dexamethasone (102, 103), or failure of 
oral contraception (104, 105). Coadministration of PB 
with warfarin or other medications can be managed when 
the combination is essential. In such cases, care must be 
taken to adjust anticoagulants with any changes in PB 
discontinuation (106). The effect of PB on these vari-
ous drugs may become manifest within days to weeks of 
initiation of comedication.

Less commonly, other drugs affect PB kinetics. 
The most important of these in everyday practice is the 
interaction of PB and valproic acid. Accumulation of PB 
occurs in most patients who are comedicated with PB and 
valproate, accompanied by a lower than expected serum 
level to dosage ratio of valproate. The rate and magnitude 
of these effects are variable but generally require lowering 

TABLE 48-1
Drugs Subject to Kinetic Alteration When 

Administered to Patients Receiving Phenobarbital

SHORTENED HALF-TIME OF ELIMINATION

AND/OR PEAK LEVELS

Acetaminophen (71)*
Amidopyrine (43)
Aniline
Antipyrine (72)*
Bishydroxycoumarin (73)
Carbamazepine, 10,11-carbamazepine epoxide (74–76)
Chloramphenicol (77)
Chlorpromazine (78, 79)
Cimetidine (80)
Cyclosporine (81)
Doxycycline (82)
Ethylmorphine
Flunarizine (83, 84)
Griseofulvin (85)
Haloperidol (86)
Hexobarbital
Meperidine (87)*
Mesoridazine (86)
Methadone (88)*
Methsuximide (89)
Nortriptyline (90)
Theophylline (91)
Valproic acid (92, 93)*
Warfarin (94)

*May result in increased levels of toxic metabolites.
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of PB and increasing of valproate dosages as compared 
with what might be expected with monotherapy (107). 
Valproate-related weight gain and thrombocytopenia may 
also be dose-related. Elevation of PB levels may occur 
within days of initiation of valproate, but more typically 
the increase occurs slowly over a number of weeks.

Pharmacodynamic Interactions

Little is known about the pharmacodynamic interactions 
of PB and other drugs. It was long argued that PB poten-
tiated the antiepileptic effects of phenytoin; therefore, 
the two drugs were coadministered in many patients for 
several decades. There is no scientific data upon which 
such a contention, or the view that PB may potentiate 
the antiepileptic potency of carbamazepine, can be based 
(108, 109). Currently, it is more widely held that the com-
bination of these and other antiepileptic drugs more often 
exacerbates side effects than enhances desirable effects, 
although there are few objective data to support this clini-
cal impression. The combination of PB with other seda-
tive medications, such as benzodiazepines, may provoke 
status epilepticus, including tonic motor status in patients 
with Lennox-Gastaut syndrome (110).

Adverse Effects

Experience has demonstrated that PB generally is a very 
safe and predictable medication. Nonetheless, it does pro-
duce various undesirable effects. The majority of these 
are reversible effects that can be tolerated but reduce 
the attractiveness of PB therapy. Serious side effects also 
occur, but they are rare. The most frequently encountered 
adverse characteristics of PB are (1) sedation, (2) distur-
bances of mood and behavior and possibly cognition, and 
(3) induction of hepatic metabolism, producing various 
effects on the disposition of a wide variety of other drugs 
(as discussed in preceding paragraphs). Exacerbation of 
seizures may possibly occur with weaning and discon-
tinuation of phenobarbital maintenance. Serious allergic 
reactions may occur.

Sedation and Behavior. Although phenobarbital has the 
most favorable ratio of antiepileptic potency to sedative 
properties among the antiepileptic barbiturates, it is cer-
tainly more sedating than most other anticonvulsants 
(111). Drowsiness is most common at the initiation of 
therapy, afflicting as many as one-third of newly treated 
patients. Sedation may occur even at very low doses 
and may persist for several days, occasionally as long 
as several weeks (45). Sedation may return with dose 
increases, and there may be a dose-related increment 
in difficulty awakening in the morning or increase in 
the frequency with which a nap is required. However, 
many patients do not experience significant sedation after 

initially becoming accustomed to the medication, despite 
many-fold increases in dose (112, 113). Patients receiving 
chronic PB therapy are least likely to feel drowsy if their 
serum level falls between 15 and 30 �g/mL, but there 
is considerable individual variation in tolerance. Some 
patients complain of little sedation with levels as high 
as 50 �g/mL, while others find levels of 10 to 15 �g/mL
intolerable because of lethargy (114).

Mood Disturbance. Studies have shown that 30% to 
42% of children with febrile seizures treated with PB 
prophylaxis experience deterioration in behavior, the 
majority having relatively low PB levels (i.e., less than 
15 �g/mL). Hyperactivity, irritability, belligerence, 
intermittent agitation, disruptive and defiant behavior, 
insomnia, and uncharacteristic episodic sedation are 
among the most frequent troublesome manifestations—
effects that are not related to dose or serum level (115–117). 
Hyperkinetic characteristics have occurred in as many 
as 79% of children treated with any drug for epilepsy 
(118), and disturbances of behavior similar to those 
noted occur in at least 18% of children who have had 
at least one febrile seizure without any prophylactic 
anticonvulsant (119).

Several well-designed studies have failed to find 
a significant incidence of behavioral deterioration of 
children treated with PB (120, 121). In a particularly well-
designed, double-blind, placebo-controlled study of tod-
dlers, the rate of hyperactivity was no different whether 
treated with PB or placebo. There were few significant 
PB-related side effects, and those that did occur (irrita-
bility and sleep disturbance) responded to dose reduc-
tion (120). The prospective, double-blind, randomized, 
crossover study of Young and coworkers (122) showed 
no significant worsening of behavior with either PB or 
mephobarbital. Drugs that are converted into PB, such 
as methylphenobarbital and primidone, are regarded by 
some as less likely to produce behavioral side effects than 
PB; however, these hypotheses have not been subjected 
to careful trials in children. One study of the treatment
of childhood behavioral disturbances with PB or PRM 
has shown these drugs to be beneficial in 33% and 11% 
of children, respectively (123).

Higher Cortical Function. Very early in what has been 
nearly nine decades of clinical use of PB, the intellectual 
function of many epileptic patients improved as their 
seizures came under better control with PB. With a wider 
choice of antiepileptic medications and other treatments 
now available, disturbances of cognition, especially atten-
tion and memory, and of skilled motor functions may 
occur in patients as a consequence of the medication 
rather than of the epilepsy. In an era of quite limited 
antiepileptic medication choices, Lennox (124) noted the 
additional toll that medications might take on epileptic 
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patients with brain injuries, changes readily observed by 
patients, families, and teachers that were “often subtle 
and difficult to measure.” Nearly 60% of the epileptic 
patients treated with PB whom Lennox studied did not 
appear to have such difficulties.

Hillesmaa and coworkers (125) found decreased rate 
of fetal head growth for human infants of mothers taking 
PB. Although some early studies documented changes in 
various measures of intelligence and learning in patients 
of various ages with some onset of epilepsy, no patterns 
of deterioration attributable to PB treatment were found. 
In individual cases IQ measurements increased, while oth-
ers decreased with PB treatment (126, 127). Dosage in 
many of these early cases was lower than is now typical, 
and these studies did not address issues of compliance or 
attempt to relate intellectual dysfunction to drug levels. 
A subsequent study suggested, but did not prove, that 
the everyday intellectual performance of children on PB 
was deficient as compared with what might be expected 
given their performance on standardized tests of intellec-
tual function (128). Schain and coworkers (129) found 
improvement in intelligence subtest scores, attentiveness, 
and impulse control in children who had their PB replaced 
with carbamazepine, although these children exhibited 
the simultaneous and potentially confounding variable of 
improved seizure control. Subtle but statistically signifi-
cant lowering of performance- and full-scale IQ, verbal 
and nonverbal task subtest scores, and deterioration of 
behavior were found to be a consequence of PB as com-
pared with valproate therapy of epilepsy in a more recent 
double-blind crossover study (130). Similar results were 
obtained in another study (131), which also provided 
evidence on repeat testing for impairment of learning 
and cognitive development while on PB compared with 
valproate-treated or untreated control groups.

Several additional studies have aroused concern, 
especially in the setting of febrile seizure prophylaxis 
with PB. Hirtz and coworkers (132) and Farwell and col-
leagues (133) demonstrated that mean IQ scores of large 
cadres of such children were 5.2 to 8.4 points lower than 
anticipated, compared with untreated or placebo-treated 
control groups. A disparity of at least 5 points was shown 
to persist for as long as 6 months after PB prophylaxis 
had been discontinued in both studies. Various concerns 
have been raised about certain aspects of the design of 
these studies, including low enrollment rates of eligible 
children, incomplete testing of significant fractions of 
enrolled children, and particularly the intention-to-treat 
design. Thus, in the case of one study (133), some children 
in the placebo group actually received PB, while less than 
two-thirds of those in the PB-treated group received PB 
throughout the entire study period (2 years), and one-
third of the treatment group had little if any PB exposure 
or low drug levels during follow-up. An earlier, smaller, 
but particularly well designed and executed study did 

not show any such significant effect of PB prophylaxis 
on infant developmental scales over an 8- to 12-month 
follow-up interval. However, Stanford-Binet Intelligence 
scale assessment suggested that in some of these children 
there were negative effects of PB on performance of cer-
tain memory tasks that were drug concentration related, 
but the effect was not statistically significant (120).

Dependence and Withdrawal. Prolonged administration 
of PB produces both habituation and dependence; there-
fore, significant withdrawal signs and symptoms may be 
provoked by abrupt discontinuation of the drug. Patients 
may experience anxiety, irritability, insomnia, mood 
disturbance, emotional lability, hyperexcitability, and 
tremulousness, various gastrointestinal disturbances, 
confusion, or delirium. Therefore, chronically adminis-
tered PB should be withdrawn slowly to prevent these 
various reactions as well as withdrawal seizures. Seizures 
that occur during withdrawal of PB (whether the with-
drawal is suggested by the physician or undertaken by 
the noncompliant patient) do not necessarily indicate that 
the drug remains therapeutically indispensable. In many 
cases slower rates of withdrawal permit the drug to be 
withdrawn without seizure recurrence (112, 134, 135). 
A similar abstinence syndrome may occur in newborn 
infants of mothers treated with PB, given the ease with 
which PB crosses the placenta, rendering a level in the 
neonate that is close to that found in the mother (50). 
The abstinence syndrome of the newborn may persist 
for days to weeks and is likely to be better tolerated and 
of shorter duration in infants whose mothers received 
the usual antiepileptic doses of PB than in infants of PB-
abusing mothers.

Overdosage. Intoxication with PB can occur because 
of dosing errors, coadministration of valproic acid, acci-
dental ingestion, and suicide attempts. We have observed 
several instances in which IV PB boluses have been 
administered in the emergency department to patients 
on chronic primidone therapy who have presented to 
the emergency room in status epilepticus, with failure to 
recognize that primidone is metabolized into PB. Rapid 
administration of a full loading dose of PB (20 mg/kg) to 
patients with PB levels of 30 to 40 µg/mL is particularly 
likely to prompt the development of pulmonary edema 
and respiratory failure. More frequently encountered are 
cases in which valproate is added to chronic PB therapy 
and patients developed progressive lethargy 3 to 5 weeks 
later with elevated PB levels. Inattention, drowsiness, and 
dysarthric slurring of speech that may resemble drunken-
ness are often exhibited by patients acutely intoxicated 
with PB. Curiously, plasma levels similar to those that 
produce such effects acutely may be tolerated without 
evident ill effects after the dose is slowly increased with 
chronic therapy. Other findings observed in patients that 
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have toxic plasma concentrations (usually �40 µg/mL) 
include dizziness, constricted pupils, nystagmus, ataxia, 
or coma (generally with levels above 60 �g/mL).

Phenobarbital levels in excess of 80 µg/mL, although 
well tolerated in carefully monitored patients with appro-
priate cardiorespiratory intervention, are potentially 
lethal if such support is not provided. Such high levels, 
particularly if acutely achieved, may occasionally pro-
duce both cardiac and respiratory dysfunction (136). 
However, cardiac dysfunction is significantly less likely 
to occur with PB than with PnB. Indeed, levels in excess 
of 130 �g/mL appear to be tolerated reasonably well 
by patients receiving appropriate intensive care support 
and requiring burst suppression for the management of 
intractable seizures.

Other Adverse Effects. Phenobarbital therapy has been 
associated with hypocalcemia more commonly than with 
vitamin D–deficient osteomalacia (137). This may be the 
result of mixed-function oxidase induction resulting in 
enhanced clearance of 25-hydroxy-cholicalciferol (138). 
The patients who are particularly vulnerable to “pheno-
barbital rickets” are those who have received many years 
of PB therapy, are poorly mobile, and have limited expo-
sure to sunlight; diet also may play a role. Symptomatic 
patients may respond to the administration of 4,000 units 
of vitamin D each day or 125 µg of vitamin D3 each week. 
Prophylactic administration of vitamin D is not recom-
mended (139–142).

Such serious consequences as Stephens-Johnson syn-
drome, erythema multiforme, or toxic epidermal necrolysis 
are rare, but they do occur. Malaise, fatigue, fever, and 
eosinophilia typically accompany allergic rash, which may 
start centrally and spread to the face and extremities. Vari-
able degrees of hepatic inflammation may accompany the 
hypersensitivity reaction in children, including fulminant 
fatal liver necrosis (143–145). Connective tissue disorders 
including Dupuytren contracture, Ledderhose syndrome 
(plantar fibromatosis), Peyronie disease, frozen shoulder, 
and aching joints have been associated with PB.

Clinical Use

Phenobarbital is indicated in the treatment of partial, sim-
ple, or complex seizures, as well as primary or secondarily 
generalized motor seizures (tonic, clonic, tonic-clonic) in 
all age groups. It is the drug of choice in the treatment of 
most forms of neonatal seizures and for prophylaxis of 
febrile seizures, and it is among the most valuable agents 
for the management of status epilepticus. Well-designed 
studies of adults have shown that PB, PRM, phenytoin, 
and carbamazepine are equally effective in the manage-
ment of generalized motor seizures (146), and although 
there may be differences in efficacy in treatment of partial 
seizures, they are slight. The cooperative VA study showed 

complete control of primary generalized tonic-clonic sei-
zures in 43% of men receiving PB or phenytoin, 45% of 
those receiving primidone, and 48% of those receiving 
carbamazepine. Only 16% achieved complete control of 
partial or secondarily generalized seizures with PB, com-
pared with 43% with carbamazepine (147). Other studies 
of adults have demonstrated similar results (148, 149). 
One large noncrossover study of 3-to 14-year-old children 
with generalized tonic-clonic seizures showed a 22% rate 
of remission with PB monotherapy, compared with 34% 
for phenytoin, 40% for carbamazepine, and 16% for 
valproate. One study showed that localization-related 
seizures with secondary generalization were completely 
controlled in only 3% of patients on PB, as compared 
with 21% with phenytoin, 25% with carbamazepine, 
and 4% with valproate (150).

Plasma concentrations of PB required for control 
of generalized tonic-clonic seizures may be bimodally 
distributed. Schmidt (151) found that the majority of 
responding patients achieved control at PB levels of 18 �
10 �g/mL but that a significant minority achieved con-
trol at levels of 38 � 6 �g/mL. One-third of patients 
considered to have intractable partial complex seizures 
(e.g., with PB levels less than 20 �g/mL) were found to 
improve significantly if “adequate” PB or PRM levels 
were achieved (i.e., levels high enough to achieve con-
trol without intolerable side effects). An additional 16% 
responded if either of these drugs at higher concentra-
tions was combined with phenytoin or carbamazepine 
(151, 152).

For the management of children under 1 year of 
age who present with focal or generalized motor seizures 
excepting infantile spasms, PB represents an attractive 
“first choice” agent because of its relative ease of admin-
istration, reliable kinetics, wide therapeutic window, and 
safety as compared with phenytoin or valproate. It is less 
frequently chosen in older children because of sedative 
qualities and potential effects on behavior. Nonetheless, 
it remains a valuable reserve agent for older children who 
cannot be managed effectively with other drugs. There 
is no clear indication that PB is any less effective than 
any other major anticonvulsant as alternative therapy 
for the management of anticonvulsant drug–resistant, 
localization-related seizures, and it should be among the 
drugs that are tried in succession in those difficult cases 
(149, 153). The use of PB as part of polytherapy for such 
resistant seizures may introduce difficulties because of 
sedative effects and induction of hepatic enzymes. One 
study showed that one-third of patients receiving combi-
nations containing PB had improved seizure control when 
PB was eliminated from the regimen (154).

Initiation of PB Therapy. Phenobarbital loading can 
be achieved by IV or oral administration. IV loading 
typically requires administration of 15 to 20 mg/kg for 
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newborns or very young infants and 10 to 20 mg/kg for 
older infants and children. The drug may be administered 
as a single dose or in two doses divided by a few hours 
(34, 155, 156). A number of different approaches to 
oral loading have been described. Administration of 6 to 
8 mg/kg/day for 2 days followed by an age-appropri-
ate daily maintenance dose will quickly render plasma 
levels of at least 10 �g/mL (148, 157). Bourgeois (158) 
demonstrated that the PB dose could be increased over 
4 days as total daily doses of 3, 3.5, 4, and 5 mg/kg/day 
on successive days to achieve, in a linear fashion and 
without significant interim sedation, a serum level of 
approximately 20 �g/mL at 96 hours. The maintenance 
dose must be adjusted thereafter to prevent toxic accu-
mulation of PB. Without some form of initial loading, as 
many as 30 days may be necessary to achieve maximal 
steady-state PB concentrations (159). Obese adolescent 
patients may have a volume of distribution of 0.5 L/kg or 
less, and suitable adjustment in their loading dose must 
be considered in some cases.

Daily maintenance dose requirements for children 
are higher, on a weight basis, than those for adults, aver-
aging 2 to 4 mg/kg/day (155, 160). To maintain plasma 
levels of 10 to 25 µg/mL, Rossi (161) recommended 
oral maintenance doses of 4.79 � 1.3 mg/kg in infants 
aged 2 to 12 months, 3.5 � 0.99 mg/kg in children 
aged 1 to 3 years, and 2.31 � 0.74 mg/kg in those 3 to 
6.5 years. The data of others would suggest that for 
children older than 3 years who weigh less than 40 kg, 
doses of 1.5 to 3 mg/kg/day are appropriate, whereas 
doses no greater than 1 to 1.5 mg/kg/day may main-
tain satisfactory levels for adolescents and adults who 
weigh more than 40 kg (148, 157). The PB dose may 
be administered entirely at bedtime or divided through-
out the day, depending on degree of sleep disturbance 
and susceptibility to behavioral abnormalities or seda-
tive effects. Once-daily administration is beneficial to 
some but not all patients. Multiple daily administration 
may in some cases improve compliance for forgetful 
parents.

Neonatal Seizures. Phenobarbital is the most widely 
employed drug for the management of neonatal seizures. 
This practice reflects familiarity with the agent and widely 
shared confidence in the efficacy and safety of PB in neo-
nates rather than any well-established evidence for the 
superiority of this agent over other anticonvulsants. The 
choice of PB may be based more on the dosing inconve-
nience or potential risks associated with other drugs than 
on any demonstrated superiority of PB (162, 163). Thus, 
the second most commonly employed agent, phenytoin, 
carries risks for tissue injury if tissues are infiltrated at the 
site of IV line placement or for adverse cardiac effects if 
the rate of administration is excessive, problems that are 
less frequently encountered with fosphenytoin. However, 

nonlinear kinetics make oral administration of phenytoin 
a problem in very small infants.

The initiation of PB therapy for seizures in newborns 
should start with IV administration of a loading dose of 
16 to 20 mg/kg delivered as a single bolus or as two divided 
boluses. Volume of distribution of an administered bolus 
of PB to a neonate has been variously estimated at 0.81 to 
0.97 L/kg, with 15% to 20% deviation of such mean 
values, and does not vary as a result of gestational age of 
the newborn infant (164, 165). From a practical vantage 
point, a volume of distribution of approximately 1.0 L/kg 
can safely be presumed in most cases, a loading dose of 
20 mg/kg resulting in a peak serum level of 20 �g/mL.
Plasma protein binding of phenobarbital averages 22% 
to 25% in neonates, approximately half the value that is 
anticipated in older children and adults (166).

Successful control of neonatal seizures is seldom 
achieved with serum levels less than 16 �g/mL; initial 
loading should attempt to achieve serum levels ranging 
from 15 to 25 �g/mL. Electrographic monitoring has 
shown that many clinically responding newborns show 
persistence of electrographic seizures after routine loading 
doses (167). Although the significance of electrographic 
activity in the newborn without clinical seizures remains 
uncertain, infants with recalcitrant clinical seizures require 
additional loading boluses delivered as 10 mg/kg at inter-
vals of one to several hours. At plasma concentrations of 
at least 40 �g/mL as many as 77 percent to 85 percent 
of neonates respond (168, 169). Serum levels as high as 
60 to 80 �g/mL appear to be tolerated by most new-
borns, although such high levels may necessitate greater 
degrees of cardiorespiratory support, compromise clinical 
examination, and interfere with feeding. Svenningson and 
coworkers (170) found that plasma PB concentrations 
in excess of 50 µg/mL in newborns were associated with 
slowing of heart rate to less than 100 beats per minute. 
This is a potentially serious matter, because the neonate 
lacks the reflexive capacity to alter stroke volume in com-
pensation for bradycardia.

Newborns respond to an initial loading dosage of 
20 mg/kg, a serum level of 20 µg/mL, and oral or IV 
total daily maintenance dose 2.25 to 4 mg/kg. Although 
doses of 5 mg/kg/day are widely recommended, the con-
tinuation of such a dose through the first few weeks of 
life generally results in accumulation to serum levels sig-
nificantly in excess of 20 mg/dL (34, 52, 171). Plasma 
clearance of PB usually increases after 1 to 2 weeks of life 
and may require modification of maintenance dosage in 
some but not all cases.

Status Epilepticus. The ease and relative safety of 
administration, wide therapeutic window, and long dura-
tion of action combine to make PB a particularly attrac-
tive choice in the treatment of status epilepticus. Negative 
aspects of the use of this drug include the relatively low 
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lipid solubility, sedative effects, and the possible provoca-
tion of respiratory depression, hypotension, or pulmo-
nary edema. Thus, benzodiazepines and phenytoin are the 
usual first-line treatments for status epilepticus in chil-
dren of most ages. On the other hand, PB can be admin-
istered more rapidly and in higher concentration than 
phenytoin, and it can be administered intramuscularly if 
necessary. IM administration of a full loading dose to a 
well-perfused location may achieve brain levels adequate 
for the control of some seizures in less than an hour and 
is indicated if no better access can be achieved.

The rate of administration of sequential boluses of 
PB determines the risk for cardiopulmonary complica-
tions, which is lower for PB than for PnB or too rap-
idly administered phenytoin. In general, the rate of IV 
administration of PB for treatment of status epilepticus 
should be 2 mg/kg/min for children who weigh less than 
40 kg. The rate should be 100 mg/min for children and 
adults who weigh more than 40 kg. Slower rates may be 
required in special cases, such as in patients with acute 
cardiac disease (e.g., tricyclic overdose). In general, 
respiratory depression is not seen below plasma levels of 
60 �g/mL, and hypotension may not arise as a compli-
cation of PB until after even higher levels are achieved. 
Pulmonary edema is an uncommon complication and 
usually requires very massive PB bolusing over short time 
intervals to high levels. The most widely accepted practice 
for PB administration in treatment of status epilepticus 
in the PB-naïve patient is to administer at total loading 
dose of 20 mg/kg. This quite reliably produces a plasma 
level close to 20 µg/mL. It is clear that the administra-
tion of only a partial loading dose (e.g., 10 mg/kg) to 
the anticonvulsant-naïve patient usually is inadequate. 
Seizures may well diminish or stop, but they often recur as 
the PB becomes distributed throughout the body. Respi-
ratory support is usually required as the plasma level 
rises above 50 to 70 �g/mL, and pressor support may be 
required above levels of 70 to 90 �g/mL, whether as the 
result of PB, of the causative illness, or both.

Febrile Seizures. Phenobarbital has been the most com-
monly employed prophylactic agent for prevention of 
febrile seizures. As febrile seizures are generally without 
significant immediate or long-term serious medical conse-
quences, there has been significant momentum away from 
providing prophylactic treatment. Enthusiasm for pro-
phylactic treatment has diminished because (1) approxi-
mately two-thirds of children have just one febrile seizure, 
(2) recurrent febrile seizures have exceedingly low risk for 
untoward consequences, (3) PB and other agents intro-
duce a risk for various drug-related side effects (115), and 
(4) it has been difficult to provide convincing proof that 
prophylaxis is effective. Although there is some evidence 
supporting the effectiveness of treatment with PB, sodium 
valproate, or benzodiazepines, it is not conclusive proof. 

PB is usually judged a safer choice than valproate for 
administration to very young children, and long-term 
prophylaxis with benzodiazepines poses unacceptable 
problems with sedation and tachyphylaxis. However, PB 
is not without risk, as the death of one child has been 
ascribed to the use of PB for prophylaxis against febrile 
seizures (144). The efficacy of PB as prophylactic therapy 
has recently come into question (172).

There is evidence to suggest that if PB prophylaxis is 
to be effective, steady-state serum concentrations of 16 to 
30 µg/mL are required (173). This study demonstrated 
a 4% risk for recurrence in children with such levels 
compared with approximately 20% rates of recurrence 
for untreated children and for those with PB levels of 
8 to 15 µg/mL. Several more recent studies have failed 
to demonstrate a difference in outcome between groups 
of children at risk for febrile seizures who received either 
PB or valproate for prophylaxis compared with children 
who received no prophylactic anticonvulsant medication 
(133, 174, 175). However, these studies did not control 
for the important element of compliance by assessing 
serum PB levels at time of recurrence. Compliance with 
PB prophylactic regimens for febrile seizures is notori-
ously low (176). Herranz (177) found that 20% of chil-
dren treated with PB prophylaxis for febrile seizures had 
recurrences at mean levels of 16.4 � 2.8 µg/mL, com-
pared with 88% of those treated with PRM (mean PB 
levels 14.1 � 3.7 �g/mL) and 92% of those treated with 
valproate (mean levels 35.2 � 5.9 �g/mL). Side effects 
were experienced by 7% of those on PB, 53% of those 
on PRM, and 45% of those on valproate, although most 
side effects were tolerable.

PB is discontinued gradually in most cases. This 
is based on evidence that dependence on PB results in 
provocation of seizures if the rate of decline of PB levels is 
too rapid. This presumption has been placed in question 
in one study of patients with partial complex seizures that 
appeared to demonstrate that the risk for seizures was not 
dependent on rate of withdrawal but on the achievement 
of a concentration below 15 to 20 µg/mL (178).

OTHER BARBITURATES

The N-methylbarbiturates (methylphenobarbital and 
metharbital) and the anesthetic pentobarbital have all 
been used as anticonvulsants.

Methylphenobarbital

Methylphenobarbital (Mebaral®, MBL), although infre-
quently used in the United States, is widely employed in 
some countries, such as Australia. A considerable por-
tion of the administered dose is rapidly cleared as the 
R-enantiomer; therefore, the dose of racemic MBL should 
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be approximately twice the PB dose required to achieve 
satisfactory clinical effects (179–181). The single oral 
dose half-time of elimination for the R-enantiomer has 
been estimated at 7.5 � 1.7 hours, compared with 69.8 �
19.7 hours for the S-enantiomer and 98.0 � 19.7 hours 
for the PB metabolite (182).

MBL clearance is almost entirely by biotransfor-
mation with urinary excretion of the major metabolites, 
which are PB and para-hydroxymethyl PB (as a phenolic 
glucuronide conjugate) (180, 183, 184). PB is the only 
pharmacologically important biotransformation product. 
The capacity to generate this product may increase with 
chronic therapy because of increased rate of MBL clear-
ance with faster rates of appearance and higher peak 
levels of PB. Naïve subjects may excrete less than 11% of 
their MBL dose as PB, while subjects exposed to MBL or 
PB may increase that amount to more than 50% (183). 
Because PB has a smaller volume of distribution and is 
cleared more slowly than MBL, plasma PB levels may 
accumulate over time to much higher values than simul-
taneous serum MBL values. Many or most of the drug 
interactions experienced with chronic MBL therapy are 
thought to be due to PB, and any interaction or side 
effect that has been described for PB can occur with MBL 
therapy.

The experimental and clinical spectrum of MBL is 
similar to that of PB (185). It may be administered once 
or twice daily. Because of the tendency for PB levels to 
accumulate to higher serum levels than MBL levels over 
the long term and the greater availability of PB level deter-
minations, most clinicians follow up only the PB level in 
patients taking MBL. Doses that are calculated to pro-
duce therapeutic steady-state PB levels may result in unac-
ceptable drowsiness during the initial phases of therapy, 
and therefore compliance may be poor. Starting with half 
the expected dose and accelerating the dose over 1 to 
2 weeks avoids this problem but delays the achievement of 
the desired steady-state peak PB concentrations to as long 
as 4 to 5 weeks after initiation of therapy. Full initial doses 
may be started in patients who have recently been treated 
with PB or other “inducing” anticonvulsants. At steady 
state, PB concentration is generally 7 to 10 times greater 
than the total (R � S) MBL concentration in serum.

Pentobarbital

Pentobarbital (PnB) is a 5-ethyl-5 (1-methylbutyl) bar-
biturate that is clinically employed as a sodium salt 
(Nembutal®). It is a short-acting barbiturate. The half-
time of elimination in adults ranges from 18 to 50 hours 
and is dose dependent. The partition coefficient for PnB 
is approximately 11 times greater than that for PB. This 
reflects much faster lipid solubility, accounting for shorter 
latency in onset of activity, shorter duration of action, and 
faster metabolic degradation. The superior lipid solubility 

may be in part responsible for the fact that PnB is much 
more potently sedative and hypnotic than PB. Acutely 
achieved blood concentrations of 0.5 to 3 �g/mL produce 
approximately the same degree of sedation as PB levels 
of 5 to 40 �g/mL. PnB levels 
10 to 18 µg/mL usu-
ally induce coma. When PnB is employed as a constant 
infusion of 0.3 to 4.0 mg/kg/hr after bolus administra-
tion of 15 mg/kg over 1 hour, the serum half-time of 
elimination ranges from approximately 11 to 23 hours in 
adults (186).

Pentobarbital is indicated for the treatment of status 
epilepticus that is unresponsive to such first-line therapies 
as benzodiazepines, phenytoin, or PB. The aim of PnB 
therapy is to produce coma with suppression-burst pat-
tern on EEG; therefore, the sedative properties of this 
drug are not deleterious. On the other hand, PnB is more 
likely than PB to have negative effects on cardiac con-
tractility and to require the addition of cardiotonic medi-
cations to support blood pressure and perfusion when 
employed in the usual doses. Particular caution should 
be used in the management of patients who have cardiac 
disease and those whose seizures are the result of hypoxic-
ischemic injury or tricyclic overdose, because the negative 
effects on cardiac function may be particularly deleterious 
in such settings. Barbiturate anesthesia (with PnB more 
commonly than thiopental or methohexital) is considered 
by many neurologists to be the ultimate form of therapy 
for status epilepticus that has proved intractable to the 
usual combinations and dosages of short- and long-acting 
anticonvulsants, including PB (187, 188). Treatment with 
PnB has not been proven to be superior to the use of very 
high doses of PB to achieve burst suppression or control 
of seizures.

Lowenstein and associates (186) reviewed their 
results with eight retrospectively studied and six pro-
spectively enrolled patients treated with PnB, thiopental, 
or methohexital anesthesia; only one of these patients was 
a child. PnB loading with 15 mg/kg over 1 hour to the 
prospective group resulted in prompt cessation of seizures 
in patients treated with this protocol. PnB was infused 
at rates that varied from 0.3 to 4.0 mg/kg/hr, and addi-
tional boluses were administered as needed of 5 mg/kg 
(maximum of 30 mg/kg of bolus drug in the first 12 hours) 
to achieve and maintain burst suppression. The median 
peak serum PnB level for patients treated in this fash-
ion was 10.8 �g/mL (range 6.5–21.2 �g/mL). Treat-
ment resulted in a favorable outcome for three of these 
six adults, whereas one had a poor outcome and two 
had indeterminate outcomes. Only two of these six 
required pressors. Significant drop in blood pressure 
occurred within a few hours of initiation of therapy in 
9 of the 14 patients of the entire group reported by these 
investigators.

Lowenstein and colleagues stopped PnB after 
approximately 12 hours of treatment, restarting therapy 
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if seizures recurred. Duration of infusion ranged (in 
the prospective group) from 11 to 77 hours. For those 
patients who recovered function after cessation of anes-
thesia, brainstem functions returned in 6 to 24 hours, and 
various forms of motor activity returned in 1 to 72 hours. 
Some possible withdrawal phenomena occurred, includ-
ing repetitive twitching of the extremities, resembling 
activity observed in some cases of barbiturate overdose 
and difficult to distinguish on a clinical basis from sei-
zure activity (186, 189, 190). Patients receiving particu-
larly high doses of PnB were found in some instances 
to have profound weakness and areflexia that persisted 
for as long as 2 weeks (including as many as 5 days of 
complete paralysis after cessation of infusion), despite 
much more rapid recovery of alertness and intellectual 
interactiveness. This effect may have been the result of 
PnB-induced dysfunction of peripheral nerve function 
or release of neurotransmitter in the peripheral synaptic 
cleft, as has been observed experimentally (191, 192). 
These transient forms of dysfunction may introduce con-
fusion into attempts to assess patients for “brain death” 
or to estimate prognosis.

PRIMIDONE

Primidone (PRM), 5-ethyldihydro-5-phenyl-4,6 (1H, 
5H) pyrimidine-dione or 2-desoxy-phenobarbital, was 
synthesized in 1949 and was shown to be effective in 
the treatment of major motor epilepsy shortly there-
after (193). It is therefore the third oldest anticonvul-
sant that continues in regular use (194). It has just two 
carbonyl substituents of the pyrimidine ring rather than 
the three that are characteristic of barbiturates. Hepatic 
biotransformation renders two main metabolites of PRM: 
phenylethylmalonamide (PEMA) and PB. The identifi-
cation of PB as a metabolite raised questions as to the 
importance of the other substances in control of seizures, 
a subject that remains controversial. Although it has 
remained difficult to clearly demonstrate the contribu-
tion that PRM and PEMA make to clinical management 
of epilepsy independent of the effects of PB, there are both 
experimental and clinical data that support the view that 
they are pharmacodynamically important.

Anticonvulsant Activity

The fact that PRM has anticonvulsant properties is sug-
gested by several lines of evidence, including the facts that 
(1) administration of PRM lowers the plasma level of PB 
required to protect animals against experimental forms 
of seizure, and (2) protection against seizures is afforded 
in the few hours after a single PRM dose is administered 
before the achievement of significant levels of PEMA 
or PB (5, 6, 195–197). The potency of PRM is equal 

to or possibly superior to that of PB in the prevention 
of electroshock-induced seizures, but it has much less 
activity against chemically induced (pentylenetetrazol or 
bicuculline) seizures (6, 194, 195, 197). This is similar 
to the spectrum of activity exhibited by phenytoin and 
carbamazepine.

Baumel and coworkers (196) roughly estimated the 
potency (ED50 for prevention of maximal electroshock 
seizures) of PRM to be 25% more and that of PEMA to be 
90% less than that of PB. They also found that PRM had 
no detectable antichemoconvulsant activity, while PEMA 
is approximately 0.025 as potent as PB for prevention of 
that form of experimental seizure. Other researchers in 
a variety of animal lines have found somewhat different 
potency ratios of these compounds (5, 197, 198), but 
PRM and PB generally have had similar antielectroshock 
potency, while PEMA has been 12- to 18-fold less potent. 
Experimental evidence (5) suggests that PRM is approxi-
mately 2.5 times less neurotoxic than PB and that the 
two substances are synergistic in seizure control, possibly 
exerting different mechanisms of action. Bourgeois and 
coworkers established that a ratio of 1:1 brain concentra-
tion of PRM to PB achieved the best therapeutic index 
(ratio of therapeutic efficacy to toxicity) in control of 
seizures (5). A therapeutic range for PRM trough con-
centration of 3 to 12 µg/mL has been suggested (199), 
but somewhat higher levels may be tolerated. Although 
PEMA also has anticonvulsant properties, the potency 
appears to be too low to contribute much to the antiepi-
leptic effects or toxicity of PRM at the usually encoun-
tered plasma concentrations of clinical practice (158). 
Monitoring of serum PEMA levels in patients treated 
with PRM has no practical value.

Pharmacokinetics

Peak serum PRM levels are achieved in approximately 
3 hours in adults and 4 to 6 hours in children after single-
dose ingestion of tablets in doses of 12.5 to 20 mg/kg 
(200). Brand-name tablets probably have nearly complete 
bioavailability, with 72% to 100% of a single oral dose 
excreted in urine as PRM or its metabolites (200–202). 
Absorption of generic preparations may be less reliable 
(203). Absorption of PRM tablets is reduced by concur-
rent acetazolamide administration (204). Volume of dis-
tribution of PRM and of PEMA after single oral dose has 
been estimated at 0.86 L/kg and 0.69 L/kg, respectively. 
There is less than 10% plasma protein binding of either 
PRM or of PEMA (205, 206).

Biotransformation of PRM is very complicated. 
PEMA and PB are the two major metabolites with antiep-
ileptic potency. It has been difficult to estimate the relative 
contribution of PEMA and PB to the pharmacodynamic 
properties of PRM, including both antiepileptic potency 
and toxicity, although these properties have been studied 
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carefully in animals (5, 6). Zadavil and Gallagher (207) 
showed that, on average, approximately 65% of a single 
IV PRM dose is excreted unchanged in the urine within 
5 days of administration to adults, while 7% is excreted
as PEMA and 2% is excreted as PB. The rate of conver-
sion of PRM to PB is much slower than that to PEMA. 
Under steady-state conditions of chronic administration, 
approximately 25% of monotherapeutically administered 
PRM can be relied on to be converted to PB (208). The 
bioconversion of PRM to PB shows age-related variation. 
In general, the more complete transformation of PRM to 
PB by children aged 0.5 to 6.5 years often results in disap-
pointingly low PRM to PB serum ratios, although there 
is considerable individual variability (209, 210).

PRM and its various metabolites are primarily (at 
least 75–77%) renally excreted (207). The half-time for 
elimination of orally administered PRM ranges from 
10 to 15 hours in adults on monotherapy, but comedica-
tion with antiepileptic inducers of hepatic biotransforma-
tion enzymes lowers this time to 6.5 to 8.3 hours (201, 
204, 207, 211). On average, half-time of elimination for 
PRM in children ranges from 4. 5 to 11 hours, lower with 
phenytoin comedication than with PRM monotherapy 
(200). The hepatic immaturity of newborns accounts 
for half-times of PRM elimination that vary from 8 to 
80 hours.

In one study of steady-state PRM monotherapy, the 
average trough serum concentration to total daily dose of 
PRM for PRM, PEMA, and PB were 0.78 � 0.25, 0.64 
� 0.39, and 1.47 � 0.53, respectively (212). At steady 
state, PB levels are almost always higher than PRM levels. 
Because PB is probably responsible for many of the toxic 
effects of PRM, especially sedation, attempts have been 
made to diminish the biotransformation of PRM to PB. 
As noted previously, a brain ratio of 1:1 for PRM and 
PB concentrations has been established experimentally 
as ideal for the achievement of maximal therapeutic effi-
cacy with minimal toxicity (5). Both nicotinamide and 
isoniazid have been tried for this purpose, but gastroin-
testinal, hepatic, and other possible toxicities have limited 
the usefulness of such approaches (213–215). In most 
clinical situations, PRM levels are of relatively little value 
as management tools. They may be useful in two situa-
tions, however: (1) assigning a cause for possible drug 
side effects or (2) establishing that the conversion rate of 
PRM to PB is unfavorably rapid and therefore that the 
use of the more expensive and inconvenient-to-administer 
PRM is poorly justified.

Drug Interactions

Coadministration of PRM and some other major antiepi-
leptic drugs to adults decreases excretion of unchanged 
PRM after a single dose by more than one-third. This is 
the result of fourfold increase in the conversion rate to 

PEMA and 50% increase in conversion to PB. Interac-
tions with various anticonvulsants may result in consid-
erable changes in the ratios of PRM, PEMA, and PB. 
Phenytoin is the most potent accelerator of PRM bio-
transformation, while carbamazepine has a lesser effect 
(204, 209, 216, 217). Bourgeois (158) showed that, on 
average, coadministration of PRM with either phenytoin 
or carbamazepine, or both, resulted in 50% reduction 
in the trough PRM level at steady state comparedwith 
that expected with monotherapy. PEMA levels increased 
by 17% and PB levels by 60% under those polythera-
peutic conditions, and the trough ratio of PB to PRM 
increased by as much as threefold. Application of the data 
obtained in Bourgeois’s study predicts that with PRM 
monotherapy a steady-state PB level of 16.5 µg/mL can 
be expected to be associated with an average PRM level 
of 10 �g/mL, but that the coadministration of phenytoin 
or carbamazepine, or both, increases the average PB level 
to a level of 26.5 �g/mL, while the average PRM level 
falls to 5 �g/mL. If the total daily dose were increased 
by approximately 100% to maintain the serum PRM 
level at 10 �g/mL, the PB level at steady state could be 
expected to rise to as much as 58.3 �g/mL. Thus, poly-
therapy with these agents can be expected to lower the 
therapeutic index of PRM significantly because of the 
unfavorable ratio of PRM to PB in brain compared with 
the experimentally ideal 1:1 ratio.

When polytherapy is considered necessary, problems 
of enzymatic induction are avoided by combining PRM 
with noninducing agents such as valproate, gabapentin, 
lamotrigine, topiramate, tiagabine, or benzodiazepines 
(218). However, combination with valproate produces 
the unfavorable kinetic problems encountered when PB 
and valproate are combined (218). Combination with 
benzodiazepines may produce intolerable sedation. Coad-
ministration of PRM and valproate tends to produce 
lesser degrees of PB accumulation than are observed with 
PB and valproate coadministration (as stated previously). 
This may be because valproate inhibits not only PB clear-
ance but also the conversion of PRM to PB (219). Thus, if 
it is judged necessary to coadminister valproate with PB, 
it might be better to administer the latter as PRM. Acet-
azolamide may diminish the gastrointestinal absorption 
of PRM, and carbamazepine may in some cases inhibit 
biotransformation of PRM to PB (215).

Toxicity

Animal studies demonstrate that PRM has less toxicity 
to the nervous system and other organs than PB (5, 194). 
Nonetheless, toxic effects, particularly those of the CNS, 
are common. They are reported at some point in their 
therapy by one-half to two-thirds of patients who are 
treated with this drug (147, 220–222). PRM therapy 
is unsuccessful and is discontinued in 10% to 30% of 
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patients. Discontinuation is much more commonly the 
result of intolerable side effects than to lack of thera-
peutic efficacy (147, 221). Side effects of PRM therapy 
closely resemble those seen with PB. It has been difficult 
to distinguish the contributions of PRM compared with 
PB in the elicitation of these problems. Time of onset of 
side effects and the development of tolerance assist in 
making this determination.

Sensations variously characterized as sleepiness, 
light-headedness, dizziness, weakness, or intoxication 
are very common, if not universal, at the initiation of 
PRM therapy (211, 223). They develop within a few 
hours of ingestion of PRM, but there is considerable indi-
vidual variability in susceptibility to these dose-related 
effects, which range from mild to severe and incapaci-
tating affectation (224, 225). Cross-tolerance occurs in 
patients who are in the process of changing from PB 
to PRM therapy, but those changing from phenytoin or 
carbamazepine do not experience such cross-tolerance 
(223). These very early effects are due to PRM, because 
they occur before any significant accumulation of PB and 
usually wane within a few days, despite the fact that that 
is the time at which PB levels begin to rise (226, 227). The 
severe effects can be avoided by administration of a small 
“test dose” at the onset of therapy to determine whether 
the individual patient is highly susceptible. These effects 
can be minimized in all patients by careful attention to 
the speed and amplitude of the acceleration of the dosing 
schedule to achieve full doses (211, 225).

There is a second family of more persistent sedative 
side effects that develop during the chronic phase of PRM 
therapy. These chronic side effects are quite similar, if not 
identical, to those reported by some patients treated with 
PB. Patients and families report abnormalities of energy 
level, attentiveness, behavior, and learning. The frequency 
with which they are reported, and their amelioration in 
at least some cases when PRM is discontinued, suggest 
that the medication may be in part or entirely respon-
sible. Rodin and coworkers (228) compared the effects 
of PRM and carbamazepine as adjuncts to phenytoin 
therapy and found that PRM produced more significant 
impairment of performance in a cognitive-perceptual test 
battery than carbamazepine, especially with regard to 
concentration and fine motor performance (229). The 
fact that these types of difficulties are quite similar, if not 
identical, to the problems reported during PB therapy, and 
the observation that they are most troublesome during the 
chronic phase of therapy, when the PB-to-PRM ratio is 
highest, suggest that PB is the likely culprit. It is unlikely 
that PEMA, which contributes little to the anticonvulsant 
potency of PRM, plays any significant role in CNS or 
other forms of PRM-related toxicity (205).

Virtually all of the other PB-related side effects can 
occur with PRM therapy, including the various con-
nective tissue problems such as contracture formation, 

joint problems, and Peyronie’s disease. One study has 
suggested that in children, PRM is less likely to produce 
any more significant side effects than phenytoin or PB 
(117). Transient nausea, vomiting, dizziness, and drowsi-
ness may occur with initiation of PRM therapy, a pecu-
liar combination of side effects that are seldom seen in 
patients who start on PB (147).

Overdosage

Little is known about the relationship between peak PRM 
concentrations and short-term toxic effects. Acute PRM 
overdosage (PRM levels exceeding 80–100 �g/mL in 
tolerant patients) may produce varying degrees of CNS 
depression ranging from somnolence or lethargy to deep 
coma, flaccidity, and loss of deep tendon reflexes (227, 
230, 231). The degree of these abnormalities tends to cor-
relate with PRM levels rather than PB or PEMA levels in 
the acute interval, although the ensuing rise in PB levels 
produces additional CNS depression (227, 232).

Massive overdosage may result in hypotension 
and acute renal failure in association with crystalluria, 
especially when serum PRM levels exceed 200 �g/mL 
(233). Fatal cases of PRM ingestion have been reported. 
However, with appropriate management (gastric lavage, 
administration of activated charcoal, forced diuresis, 
and supportive measures) patients have recovered with-
out permanent sequelae from ingestion of as much as 
22 grams of PRM (225). Crystalluria (largely crystallized 
PEMA) after administration of large amounts of PRM 
was first observed in rats (194) and is an almost constant 
feature of serious PRM overdosage in humans (234). It 
has not been shown to result in chronic renal failure even 
after massive overdosage with acute renal dysfunction 
(231). Massive overdosage can be effectively treated with 
hemoperfusion (233).

Clinical Use

Early uncontrolled, retrospective studies demonstrated 
that PRM could be used with considerable success as 
an adjuvant drug in the management of generalized 
tonic-clonic seizures, localization-related seizures, and 
myoclonus epilepsies (220, 235–239); however, some 
more recent controlled studies have shown less favor-
able results. These data, combined with the availability 
of a wider range of major anticonvulsants and decreased 
enthusiasm for polytherapy, have reduced the popularity 
of this agent. Early comparison studies failed to dem-
onstrate that PRM had some unique value, in the treat-
ment of any particular type of epilepsy or population 
of patients, compared with PB or phenytoin, drugs that 
were less expensive and in some ways easier to use (208, 
240, 241). Therefore, it appears that the benefits of PRM 
therapy and the potential toxicity do not support the use 
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of this agent as first-line therapy for any seizure type or 
syndrome (114).

One possible exception is the treatment of epilepsy 
occurring in patients with long QT syndrome, because 
PRM may have some value in the treatment of the cardiac 
dysrhythmia (242). However, most patients who have 
seizures in association with the long QT syndrome have 
them only in association with cardiac decompensation, 
which may be effectively treated with other medica-
tions. On the other hand, PRM continues to be useful 
as a third-line agent for treatment of occasional patients 
affected with almost any form of epilepsy for which PB 
is indicated, including age groups ranging from the neo-
nate (243) to the adult. The exception to this principle 
is the fact that PRM has little value in the management 
of status epilepticus, because there is no commercially 
available parenteral formulation. PRM may be effective 
in the prophylaxis of febrile seizures (174).

Various direct comparisons of PRM to PB, phenyt-
oin, or carbamazepine treatment in patients of various 
ages have shown these drugs to have similar efficacy for 
oral treatment of partial, secondarily generalized, and 
generalized tonic-clonic seizures (147, 208, 228, 241, 
244). However, most of these studies do not control for 
PB levels. Reinterpretation of one of the best of these 
studies (208) has suggested that a subgroup of patients 
may enjoy better control at any given PB level if that 
level is achieved as the result of PRM rather than PB 
oral therapy (245). One crossover comparison showed 
that PRM was superior to orally administered PB in the 
management of generalized tonic-clonic seizures (246). 
The VA Epilepsy Cooperative study comparison of PRM 
to PB, phenytoin, and carbamazepine showed the high-
est rate of failures in treatment of partial or secondarily 
generalized seizures occurred with PRM therapy, failure 
that usually was due to drug discontinuation or poor 
compliance early in the course of treatment because of 
intolerable side effects (147). Sapin and coworkers (247) 
found that PRM exerted antiepileptic effects in neonates 
that were independent of the effects of PB.

Two potential benefits of the choice of PRM rather 
than PB are (1) the possibility of achieving seizure con-
trol in a given subject at lower serum PB levels than are 
required with the administration of PB itself, and (2) 
the possibility that in certain settings PRM is a “better” 
drug than PB. Others have argued that most or all of 
the clinically significant antiepileptic effect of PRM is 
simply due to its conversion into PB (248, 249). This 
is particularly likely to be true when PRM is adminis-
tered too infrequently during the day to achieve the most 
favorable serum ratio of PRM to PB. In most patients 
this requires administration every 6 hours, which may 
be inconvenient. Because of unfavorable effects in the 
PRM-to-PB ratio, there are reasons to believe that there 
is no advantage to employing PRM in combination with 

phenytoin, acetazolamide, or carbamazepine. Unfortu-
nately, most patients who now receive PRM are patients 
with intractable epilepsy on polytherapy with compli-
cated dosing schedules.

When administered to adults as monotherapy, PRM 
can be administered twice daily because the half-time of 
elimination for PRM typically is 10 to 15 hours. How-
ever, the shorter elimination half-time that is typical of 
most children and most patients on polytherapy mandates 
administration of this drug at 6-hour intervals if advan-
tage is to be taken of the presumed antiepileptic potency 
of PRM. Administration to newborns is little studied, 
but in the event that administration of PRM were judged 
important, once-daily dosing is theoretically possible. So 
great is the variation of elimination half-times observed 
in the newborn (23) that individualization of dosage for 
newborns would be prudent, as would careful follow-up 
to ensure that toxic accumulation of metabolites does 
not occur.

Treatment Guidelines

If there are no coadministered drugs that interfere with 
metabolism or distribution, an initial daily PRM dose 
of approximately 20 mg/kg/day will result, after 2 to 
3 weeks, in a steady-state PB level ranging from 10 to 
30 µg/mL. Neonates typically require maintenance doses 
of 15 to 25 mg/kg/day, infants 10–25 mg/kg/day, and 
children 10–20 mg/kg/day (23). The total daily dose 
should be divided into three or four times of administra-
tion, as noted previously, given the short half-time of 
elimination of PRM; the peak serum concentration typi-
cally is achieved 3 to 5 hours after each dose. Initiation 
of PRM monotherapy in patients who are not already 
receiving barbiturates should in many cases start with 
a low single daily dose at bedtime (e.g., one-fourth of a 
250-mg tablet for patients who weigh more than 20 kg) 
with subsequent upward titration at 3-day intervals (158). 
Not every patient will require or tolerate steady-state dos-
age at 20 mg/kg/day. In some cases, relatively large initial 
doses may be tried to more rapidly achieve serum levels 
that are effective in controlling seizures. For example, it 
has been shown that the administration to neonates of 
25 mg/kg/day, divided into three doses, produces a serum 
PRM level of approximately 10 mg/dL by day 3, a level 
that is sufficient to control the seizures of many neonates 
independent of the associated PB level (246). Monitoring 
PRM or PEMA levels confers little therapeutic advantage 
in most clinical situations.

Changing patients from chronic oral PB therapy to 
PRM is usually easily accomplished by administering four 
to five times as much PRM each day as the discontinued 
total daily PB dose. In patients who are not on PB, rapid 
initiation of PRM therapy can be achieved by first load-
ing with PB (250). Rapid escalation of oral PB loading 
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can be achieved using PB doses of 3 mg/kg/day on the 
first day of treatment, 3.5 mg/kg/day on the second day, 
4 mg/kg/ day on the third day, and 5 mg/kg/day on the 
fourth day. This approach results in a linear accumulation 
of PB in the serum to approximately 20 �g/mL on day 4 
without significant sedation. The PB can be discontinued 
on the following day and replaced with a full maintenance 
PRM dose of between 12.5 and 20 mg/kg/day (158).

Immediate initiation of PRM at an amount expected 
to produce serum concentration of 20 to 30 �g/mL can 
be undertaken by IV loading of 20 mg/kg of PB (produc-
ing a serum concentration of 20 �g/mL) and initiation of 
20 mg/kg/day of PRM divided into three or four doses. 
Any patient loaded with enough PB to achieve serum PB 

concentrations of at least 20 �g/mL within 3 days after initia-
tion will experience significant degrees of sedation (250).

Discontinuation

In general, the considerations that arise with regard to 
drug discontinuation are similar to those previously 
noted for PB. One small study suggested that withdrawal-
related seizures may be more likely with PRM than with 
PB (251). Theodore and coworkers (178) found no rela-
tionship between the peak dose or rate of withdrawal 
of PRM or PB and the occurrence of seizures. In their 
study, seizures were most likely to occur as the PB level 
fell between 15 and 20 �g/mL.
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Phenytoin and 
Related Drugs

ince phenytoin was introduced for 
the treatment of epilepsy by Merritt 
and Putnam in 1938, it has become 
one of the most widely used and 

extensively investigated antiepileptic drugs. It has been 
administered to patients of all ages and thus provides a 
good model for evaluating the effects of age on pharma-
cokinetics. In addition, phenytoin is unique among the 
commonly prescribed antiepileptic drugs because of its 
nonlinear elimination kinetics (Figure 49-1) (1, 2).

CHEMISTRY

Phenytoin is a weak acid, having a pKa of 8.06 (3) 
(Table 49-1). Phenytoin sodium is approximately 92% 
phenytoin, a difference that is sometimes important 
because of phenytoin’s nonlinear elimination kinetics. 
Phenytoin has limited aqueous solubility, approximately 
20 mg/L, unless solubilizing agents are added to the solu-
tion. Parenteral formulations of phenytoin are strongly 
basic and contain the alcohols propylene glycol and 
ethanol. These formulations are potentially cardiotoxic 
and thus should be administered slowly intravenously to 
avoid bradyarrhythmia and hypotension. The phenytoin 
prodrug fosphenytoin has enhanced solubility and cir-
cumvents this hazard;  although it is considerably safer 

W. Edwin Dodson

for intravenous (IV) administration, it is also considerably 
more expensive.

CLINICAL EFFICACY

The spectrum of activity of phenytoin includes status 
epilepticus, partial seizures, partial seizures secondarily 
generalized, tonic seizures, and generalized tonic-clonic 
seizures (4, 5). Increasing doses and levels of phenytoin 
are associated with progressive reduction of seizures in 
adults (6) and in children (7). When administered follow-
ing head trauma, phenytoin reduces the risk of seizures 
within the initial seven days, but it has no effect on the 
long-term development of epilepsy (8). Long a mainstay 
in the treatment of status epilepticus, phenytoin has been 
displaced as the drug to use first by lorazepan (9).

Although the therapeutic range is widely quoted at 
10 to 20 mg/L, individual patients may require lower or 
higher levels for successful treatment. Phenytoin is not 
effective against generalized absence seizures and may 
increase their frequency;  it is also ineffective in prevent-
ing recurrent febrile seizures. Phenytoin has been widely 
used to treat neonatal seizures, including neonatal sta-
tus epilepticus (10, 11, 12). After phenobarbital fails to 
control neonatal seizures, the chance that phenytoin will 
succeed is approximately 50% (13, 14). However, the 

S



V • ANTIEPILEPTIC DRUGS AND KETOGENIC DIET640

response of neonatal seizures caused by hypoxia, isch-
emia, or hemorrhage is poor (15). Phenytoin is also used 
to treat kinesigenic choreoathetosis (16).

PHENYTOIN ADMINISTRATION

Phenytoin is available for parenteral and oral adminis-
tration (Table 49-1). Although IV phenytoin is effective 
in stopping status epilepticus and in preventing recur-
rent seizures, it is slower acting than a benzodiazepine 
in stopping acute convulsions (17). However, when sta-
tus has been interrupted by a short-acting drug such as 
diazepam, phenytoin can be administered next to pre-
vent seizure recurrence. When phenytoin is administered 
intravenously, it must be given slowly to reduce the risk 

of cardiovascular toxicity (Table 49-2). For this reason, 
the safer formulation fosphenytoin is preferred because 
of the desirability of stopping status epilepticus as rapidly 
as possible.

Phenytoin has several advantages in the acute treat-
ment of seizures. It is not sedating and thus does not 
potentiate sedation and respiratory depression as do ben-
zodiazepines and barbiturates. When seizures persist after 
administration of phenytoin in status, cumulative doses 
of up to 30 mg/kg can be given initially but should not 
be exceeded unless it is documented that phenytoin levels 
are not excessive, because high phenytoin levels can cause 
seizures. Intramuscular phenytoin is not effective in the 
acute treatment of seizures.

In chronic oral therapy, phenytoin usually can 
be administered twice daily. Because of the nonlinear 
kinetics of phenytoin, it is best to begin with a low 
average dose and increase the dose stepwise until the 
desired clinical result is obtained. In young children, 
initial doses of 8–10 mg/kg/day are reasonable, whereas 
older children, adolescents, and young adults should 
begin with 6–8 mg/kg/day (18). As the dose is raised, 
progressively smaller increases should be made to avoid 
disproportionate increases in phenytoin level and resul-
tant toxicity. If precise adjustment of phenytoin levels 
is necessary, the distinction between phenytoin and 
phenytoin sodium becomes an important consideration 
when mixing or switching to different products that 
contain phenytoin. The concentration of phenytoin 
in contemporary suspensions remains fairly uniform, 
but, in the past, suspensions were ill advised because 
of the tendency for phenytoin to settle out. Doses from 
the top of the bottle were lower than expected, whereas 
those from the bottom were higher than expected, 
because the suspended medication settled to the bot-
tom after standing. In all instances when phenytoin 
dose has been changed, patients should be reexamined 
to evaluate whether the dose is correct because of the 
unpredictable relationship between phenytoin dose and 
concentration. 

TABLE 49-1
 Phenytoin Reference Information

Molecular weight of sodium phenytoin  274.25
Molecular weight of phenytoin 252.26
pKa of phenytoin 8.06
Conversion factor CF 	 1000/252.3 	 3.96
Conversion �g/ml (or mg/L) � 3.96 	 �moles/L
Formulations
 Phenytoin suspension (Dilantin) 50 mg/mL
 Phenytoin (Dilantin Infatabs) 50 mg
 Phenytoin sodium (Dilantin Capseals) 30, 60, or 100 mg
Type of elimination kinetics Nonlinear
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FIGURE 49-1

Dose versus concentration curve for drugs with nonlinear 
elimination kinetics. Reproduced with permission from (2).
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BIOTRANSFORMATION, 
PHARMACOKINETICS AND INTERACTIONS 

IN HUMANS

Phenytoin is largely eliminated by enzymatic biotrans-
formation in the liver to 5-parahydroxyphenyl, 5-
phenylhydantoin (HPPH), which is the major metabolite, 
and to a dihydrodiol that accounts for approximately 10% 
of phenytoin metabolites in urine. Both of these metabo-
lites are thought to be derived from a highly reactive arene 
oxide (epoxide) intermediate (19, 15). Negligible amounts 
of unmetabolized phenytoin are excreted in urine.

Phenytoin is metabolized by the cytochrome P450 
enzymes CYP2C9 and CYP2C19 (20, 21). In some fami-
lies that metabolize phenytoin slowly, mutations have 
been identified that account for these pharmacokinetic 
differences (22). Odani et al. identified a mutation of 
CYP2C9 caused by a substitution of leucine for isoleu-
cine at position 359 that results in a reduction of 33% in 
maximal capacity to metabolize (Vmax) phenytoin among 
Japanese people. Mutations in CYP2C19 reduced Vmax
by as much as 14%.

Phenytoin has nonlinear kinetics in all age groups 
(1, 23–30). As the dose and concentration of phenytoin 
increase, the eliminating mechanism becomes progres-
sively saturated, reducing the fraction of phenytoin that 
is eliminated per unit of time. This leads to a nonlinear 
relationship between phenytoin dose and concentration 
(Figure 49-1). Because increasing doses cause dispropor-
tional rises in the phenytoin level, smaller increments in 
dose should be made as the phenytoin level approaches the 
therapeutic range. Phenytoin kinetics are best character-
ized by Michaelis-Menten equations. However, the con-
cept of half-life is widely used in clinical pharmacokinetics 
and therefore merits discussion (Table 49-3).

PHENYTOIN HALF-LIFE

 The kinetics of phenytoin elimination are concentration-
dependent. Although the half-life of phenytoin is widely 
quoted and discussed, applying the concept of a half-life 

to phenytoin kinetics is technically improper, because 
phenytoin does not have first-order elimination kinet-
ics. The apparent half-life (t50%) of phenytoin changes 
depending on the concentration range over which it is 
measured. As a consequence of phenytoin’s nonlinear 
elimination kinetics, increasing concentrations lead 
to prolongation of the apparent half-life. When phe-
nytoin levels are high, the apparent half-lives can be 
quite prolonged (25, 30). As the level declines, the rate 
of phenytoin elimination accelerates and the apparent 
half-life becomes shorter (Figure 49-2). Thus, at differ-
ent concentrations, different half-lives can be measured 
in a single patient. The apparent half-life is sometimes 
designated by t50%. As was shown in equation 5 in 

TABLE 49-2
Aspects of Phenytoin Administration

Intravenous dose 15–20 mg/kg*
Intravenous administration rates 
 Rate in adults  � 50 mg/min 
 Rate in infants and children  � 3 mg/kg/min 
Maintenance dose 6–20 mg/kg/day
Therapeutic concentration range 10–20 mg/L

*Administer slowly to avoid cardiovascular toxicity.

TABLE 49-3
Phenytoin Pharmacokinetics

Protein binding  90%
Volume of distribution 
 Newborns 0.8–1.2 L/kg
 Older children and adults 0.7–0.9 L/kg
Half-life Concentration-dependent
Nonlinear kinetic parameters
 KM 5 mg/L
 Vmax 10–20 mg/kg/day

**See text for details.
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FIGURE 49-2

Log phenytoin concentration versus time curve that was 
obtained in a 14-month-old who ingested a large dose of 
phenytoin. Note that the observed half-life becomes progres-
sively shorter as the concentration declines. Reproduced with 
permission from (18).
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Chapter 23, the t50% is directly related to the concentra-
tion at which the t50% is determined (Figure 49-3).

Because the t50% of phenytoin varies, it takes longer 
than expected for patients to reach a steady state. This is 
particularly a problem when patients take relatively high 
doses that are close to their maximal phenytoin eliminat-
ing capacity (Vmax). As a rule of thumb, at least two weeks 
should be allowed before phenytoin levels are considered 
to be at steady state after the dose is changed. In some 
patients who have very high levels, even more time may 
be required.

The changing t50% of phenytoin is occasionally use-
ful in clinical situations. For example, small increases in 
the average phenytoin level can be achieved by giving the 
total daily dose as a single dose (31). This increases the 
average level slightly because the large single dose pro-
duces a higher initial phenytoin concentration, thereby 
prolonging the t50%. Dividing the daily dose into more 
frequent daily doses has the opposite effect and slightly 
lowers the average concentration.

NONLINEAR KINETICS, KM AND VMAX

Phenytoin kinetics are best characterized by Michaelis-
Menten kinetic parameters KM and Vmax. Children and 
adults have similar KM values of approximately 5 mg/L.
 However, children have higher capacity to eliminate 
phenytoin than adults, resulting in higher Vmax (2, 23, 
24, 32). Much of the variation in KM is caused by drug 
interactions.

There are several methods for calculating the KM
and Vmax. The easiest and most reliable method is the 
direct linear plot (33). This is a graphic solution that 

can be performed at the bedside. The method depends 
on knowing the patient’s phenytoin level at two or more 
pairs of doses and steady-state concentrations. The 
concentrations should be obtained at consistent times 
after doses. When phenytoin is given twice daily, the best 
times to measure the level are just prior to a dose and 8 
hours after a dose (34). Once KM and Vmax are known, 
it is possible to estimate the relationship between future 
doses and concentrations.

The direct linear plot technique for calculating KM
and Vmax is fairly simple and is illustrated in Figure 49-4 
(35). The negative value of the phenytoin level is plotted 
on the horizontal axis and the dose is plotted on the verti-
cal axis. The dose and level pairs are connected by lines 
that are extended up and to the right, where they inter-
sect. This point of intersection is used as a fulcrum for 
determining KM, Vmax, and other dose-level relationships. 
A horizontal line drawn from the point of intersection 
to the vertical axis is Vmax. A vertical line drawn from 
the intersection indicates KM on the horizontal axis. The 
relationships between other doses and levels are solved 
by drawing additional lines from the point of intersection 
as shown in Figure 49-4.

There are many nomograms and related methods for 
predicting the relationship between phenytoin dose and 
concentration in various groups of patients (29). Although 
these provide heuristic exercises in clinical pharmacology, 
they are untrustworthy guides to phenytoin dosing. In 
one study, significant errors in predicted levels occurred 
in 21% to 38% of subjects (36). Large errors are most 
likely among patients who need high phenytoin levels. 
For this reason, every patient whose phenytoin dose is 
changed should be reevaluated after an appropriate inter-
val (29). Although nomograms can reduce trial and error 
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in estimating phenytoin doses, they are no substitute for 
patient follow-up.

PHENYTOIN ABSORPTION

The nonlinear kinetics of phenytoin can affect the 
apparent extent of phenytoin absorption (bioavailability). 
Slowing the absorption rate has the practical result of 
reducing the apparent bioavailabililty (37). Computer 
simulations indicate that, at average values of KM and 
Vmax, increasing the absorption half-life from 0 to 1.2 
hours causes the apparent bioavailability to decrease by 
approximately 25% (38). If the actual fraction that is 
absorbed also decreases slightly, the reduction in apparent 
bioavailability is greater. For example, with 90% absorp-
tion and an absorption half-life of 0.9 hours, the apparent 
bioavailability declines to 69%.

Although phenytoin is well absorbed after oral 
administration, the rate of absorption depends on the 
formulation. Changing excipients has been associated 
with changes in steady-state levels (39). But, even without 
changes in excipients, other aspects of tablet formulation 
can affect the absorption rate. Thus switching formula-
tions can change the phenytoin levels significantly. For 
this reason, generic substitution of phenytoin should be 
discouraged.

In infants, peak phenytoin concentrations occur 2 to 
6 hours after oral dosing (40). In older children, peak con-
centrations occur 3 to 10 hours following oral doses. The 
administration of phenytoin with food further delays the 
time to peak concentrations in patients of all ages (41). 
However, phenytoin taken postprandially produces 40% 
higher concentrations than when it is taken before meals 
(42). Thus the relationship between phenytoin doses and 
meals should be consistent.

Intramuscular administration of phenytoin is associ-
ated with slow and erratic absorption (43). Because of the 
low solubility of phenytoin, it can crystallize and precipi-
tate at the injection site. Although phenytoin absorption 
is eventually complete, intramuscular administration of 
phenytoin is unreliable and should be avoided (44). If 
intramuscular administration is needed, fosphenytoin 
should be given.

PHENYTOIN DRUG-PROTEIN BINDING

The unbound drug concentration, not the total drug 
concentration, determines the drug’s action. Phenytoin is 
normally 90% bound to constituents of serum, mainly to 
albumin. In diseases with hypoalbuminemia, such as renal 
disease, hepatic disease, severe malnutrition, burns, and 
pregnancy (45, 46), unbound phenytoin levels increase 
such that the total phenytoin levels no longer provide 

reliable indicators of the unbound levels. In these situa-
tions, measuring the unbound phenytoin level is some-
times indicated.

Phenytoin binding is also reduced by bilirubin and 
acidic compounds such as fatty acids, including valproic 
acid, and salicylate, which displace phenytoin from protein 
binding (47). Among developmentally disabled patients, 
hypoalbuminemia and comedication with valproate have 
been associated with unbound phenytoin fractions as 
high as 17% (48). When the unbound phenytoin frac-
tion increases chronically, hepatic metabolism compen-
sates such that the unbound concentration is readjusted 
to the previous steady-state level. This leads to a decline 
in the total phenytoin level, but the effect on unbound 
levels is insignificant. Thus, chronic changes in binding 
have a negligible effect on unbound phenytoin concen-
trations unless the dose is changed (49). On the other 
hand, acute changes in phenytoin binding such as those 
associated with dialysis may cause transient and symp-
tomatic changes in unbound phenytoin levels. Rapidly 
fluctuating valproate levels can increase unbound phe-
nytoin levels transiently, resulting in transient  phenytoin
toxicity (50).

EFFECT OF AGE ON PHENYTOIN 
PHARMACOKINETICS

The maximal capacity to eliminate phenytoin is 
affected by genetic factors, age, sex, and drug interac-
tions (51, 52). However, it is important to note that the 
nonlinear kinetics of phenytoin have confounded most 
clinical investigations of the effect of age on phenytoin 
kinetics. When linear kinetic parameters such as half-
life or relative clearance are used, the nonlinear kinetics 
often obscure age-related pharmacokinetic differences 
(25, 53). In a practical sense, the nonlinear kinetics of 
phenytoin influence relative dosage requirements more 
than does age.

Newborns

Newborns who are exposed to phenytoin in utero usu-
ally eliminate transplacentally acquired phenytoin at 
rates that are comparable to those in adults. Studies of 
urinary metabolites indicate that these newborns rapidly 
metabolize phenytoin (54). On the other hand, newborns 
with seizures eliminate phenytoin slowly at first, but later, 
during the neonatal period, they eliminate it rapidly after 
their drug-eliminating mechanisms have matured (26).

Among all age groups, premature and full-term 
newborns who were not exposed in utero to inducing 
agents have the lowest relative capacity to eliminate phe-
nytoin;  thus, they require the lowest doses on average. 
Phenytoin concentrations and apparent half-lives vary 
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extensively in newborns with seizures, more so than in 
any other age group. Newborns with seizures have sev-
eral factors that act simultaneously to produce unstable 
phenytoin levels. These include nonlinear phenytoin 
kinetics, postnatal maturation of hepatic function, 
induction of phenytoin elimination by phenobarbital 
and other drugs, and slowed phenytoin absorption, 
which occurs after the newborns have been switched 
from intravenous to oral dosing. Most newborns who 
receive phenytoin have been treated previously with phe-
nobarbital. Phenobarbital affects the hepatic biotrans-
formation of phenytoin, increasing both Vmax and KM
(2, 55). For this reason the changing phenytoin kinetics 
during the neonatal period preclude the use of steady-
state methods for analyzing the nonlinear kinetics of 
phenytoin. These changes make it necessary to increase 
the phenytoin dose during the neonatal period if consis-
tently high phenytoin levels are needed.

High phenytoin concentrations occur after intra-
venous loading doses, often leading to very long appar-
ent half-lives in the first and second week of life. The 
phenytoin half-lives that have been reported in new-
borns vary widely, with extremes of 6 hours to more 
than 200 hours after intravenous therapy (11, 26, 56). 
Bourgeois and Dodson (2) found that the phenytoin t50%
ranged from 6.9 to 140 hours, with an average value of 
57.3 � 48.2 hours. In newborns aged 3–5 weeks, the t50%
decreased by two-thirds.

After the first week of life, shorter phenytoin half-
lives have been reported, but some newborns continue 
to have prolonged half-lives if phenytoin levels are high 
(11, 51). Painter et al. (9, 11) reported an average value 
of 104 � 17 hours during the second week of life. In a 
different group of 16 newborns with seizures, half-lives 
diminished considerably after the first week of life (26). 
Among children more than 1-week-old, there was good 
correlation (r 	 0.88 to 0.93) between the apparent half-
life and the initial phenytoin concentration (26). Correct-
ing for initial concentration revealed that newborns ages 
3–5 weeks had the shortest half-life, averaging 19.7 and 
12 hours at initial phenytoin concentrations of 18 and 
10 mg/L, respectively.

After the first or second week of life, the capac-
ity for phenytoin elimination increases and phenytoin 
concentrations often decline. Older newborns and young 
infants require doses as high as 18 to 20 mg/kg/day to 
achieve therapeutic levels (4). If declining concentra-
tions occur when phenytoin administration is switched 
from the intravenous to the oral route, the changing dose 
requirements give the appearance of malabsorption of 
phenytoin (11, 12).

Newborns absorb phenytoin slowly but completely 
after oral administration, with less than 3% of administered 
phenytoin found in feces (57). Studies using stable isotope-
labeled phenytoin also indicate complete absorption (58). 

Similarly, comparisons of levels obtained after intravenous 
and oral doses indicate complete absorption of orally 
administered suspensions (59). Thus the decline in phe-
nytoin levels that takes place in the second or third week 
of life is caused by an increasing capacity for phenytoin 
biotransformation plus the unique consequences of non-
linear elimination kinetics. Despite numerous statements 
to the contrary, newborns do not malabsorb phenytoin. 
Reliable concentrations can be produced by oral admin-
istration even in premature newborns (59).

It is technically difficult to actually measure phenyt-
oin bioavailability in newborns because of the changing 
elimination kinetics during the newborn period. For this 
reason, computer simulations have been used to provide 
insight into the problem. These simulations indicate that 
the changing phenytoin elimination kinetics (Vmax and 
KM)—and the slower absorption rates that occur after phe-
nytoin administration is switched from intravenous to oral 
routes—both affect the phenytoin level (38). For example, 
slowing the absorption rate of phenytoin decreases the 
apparent bioavailabililty by as much as 26%.

The effects of varying the absorption rate and KM
on the apparent extent of phenytoin absorption are mod-
est compared to the large changes that occur when Vmax
increases. Based on computer simulations, increasing 
Vmax is expected to produce sizeable reductions in appar-
ent bioavailability even when absorption is complete (38). 
For example, increasing Vmax threefold from 5 mg/kg/day 
to 15 mg/kg/day causes the apparent bioavailability to 
decrease by 77%. Variations in KM cause smaller changes 
in apparent bioavailability;  changing KM from 5 mg/L 
to 1 mg/L decreases the apparent bioavailability to 67%. 
Increasing KM from 5 to 10 mg/L, such as might occur 
because of an interaction with phenobarbital, has the 
opposite effect.

Infants and Children

Among all age groups, infants have the highest relative 
capacity to eliminate phenytoin, causing them to have 
average dosage requirements that are fourfold greater than 
adults.Vmax, but not KM, changes with increasing age (2, 24)
(Figure 49-5). After phenytoin-eliminating capacity peaks 
during infancy, it declines during childhood to adult val-
ues (23). In one study the Vmax in infants ranged from 11 
to 30 mg/kg/day and averaged 17.9 mg/kg/day (2). The 
average values in older children and adults are approxi-
mately 8 to 10 mg/kg/day in various studies. Although 
most of the variation in KM is caused by drug interactions, 
KM does vary independently as well. In one study 28% of 
children had a KM of 2.5 mg/L or less (2). This low value 
of KM makes it technically difficult to adjust phenytoin 
levels when levels are greater than 10 mg/L because the 
dose versus concentration curve becomes progressively 
steep and nonlinear (Figure 49-6).
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The higher relative clearance for phenytoin in chil-
dren gradually declines until adult values are reached 
around ages 10–15. (See Figure 37-6.) During this period, 
changes in body weight are offset by declining relative 
drug clearance, such that dosage changes are less frequent 
than expected. However, within any age group, individ-
ual patients deviate significantly from the group average. 
There are several causes for this variation: foremost among 
these are drug interactions and intercurrent illness.

Adolescents

No major changes in phenytoin kinetics have been 
described in adolescence. However, phenytoin concen-
trations fluctuate during the menstrual cycle. Although 

these fluctuations are usually modest, concentrations are 
higher at midcycle, when ovulation occurs, than at the 
time of menstruation. This suggests that increased con-
centrations of estrogen and progesterone interfere with 
phenytoin biotransformation (60). The fluctuations in 
phenytoin levels are most extensive in patients who have 
the highest concentrations.

DRUG INTERACTIONS AND NONLINEAR 
KINETICS OF PHENYTOIN

Phenytoin is both a cause and a casualty of pharmaco-
kinetic drug interactions. First, it is a potent inducer of 
many enzymes in the cytochrome P450 drug-metabolizing 
system (61). By this mechanism, the addition of phenytoin 
increases the clearance and decreases the concentrations 
of most other antiepileptics that are eliminated by hepatic 
metabolism. Examples include carbamazepine, methsuxi-
mide, primidone, valproate, and most of the antiepileptic 
drugs that have been introduced in the 1990s, including 
felbamate, topiramate, and lamotrigine. Besides enhancing 
the clearance of these compounds, phenytoin also stimu-
lates the clearance of steroids, including oral contracep-
tives, and the clearance of vitamins, including vitamin D,
folic acid, and vitamin K (61, 62).

Phenytoin elimination is extremely vulnerable to 
drug interactions by virtue of its dependence on hepatic 
metabolism for elimination and its nonlinear kinetics (63). 
Even though general trends can be described, the direc-
tion and extent of these interactions are highly unpredict-
able. For this reason diligent clinical follow-up is required 
whenever a comedication is added to or deleted from 
treatment regimens that include phenytoin.

Phenobarbital consistently increases both the Vmax
and KM of phenytoin elimination (2). Thus phenobarbital 
has conflicting effects, acting simultaneously as an inducer 
and as a competitive inhibitor of phenytoin elimination. 
In groups of patients, the addition of phenobarbital to 
phenytoin regimens produces no change in the average 
phenytoin level, but, in individual patients, phenytoin 
levels can change significantly.

Drug interactions can make the adjustment of phe-
nytoin easier or more difficult, depending on the drug 
that is involved. The phenobarbital-phenytoin interaction 
facilitates the titration of phenytoin levels in the upper 
part of therapeutic range (see Figure 49-5). This phar-
macokinetic benefit is due to the increased value of KM
for phenytoin elimination, which leads to a mild degree 
of flattening of the phenytoin dose versus concentration 
curve. As a result, the dose to concentration relationship 
becomes more linear and more predictable. Carbamaze-
pine interacts with phenytoin elimination by inducing 
cytochrome P450 enzymes CYP2C9 and CYP219 (20, 
64, 65). The net effect of this interaction is to reduce 
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both the KM and Vmax for phenytoin elimination (2, 66), 
which is a complex interaction that usually leads to a 
reduction in phenytoin level. This interaction makes read-
justment of phenytoin levels technically difficult because 
of the reduced KM value and increased nonlinearity of 
the dose-to-concentration relationship. Herbal treat-
ment with Ginkgo biloba also induces CYP2C9 and has 
been reported to lower phenytoin levels (67). Valproate 
interacts with phenytoin by displacing it from binding 
sites on albumin and increasing the unbound phenytoin 
fraction. Valproate reduces the KM of phenytoin elimi-
nation but has no effect on Vmax (2). However, switch-
ing from the standard formulation of sodium valproate 
to a slow-release formulation can cause the phenytoin 
level to increase. Suzuki et al (68) found that the average 
phenytoin level went from 14.4 to 18.7 mg/L when the 
valproate formulation was switched to the slow-release 
formulation.

Certain drug interactions usually increase the 
phenytoin level. Chloramphenicol consistently inhib-
its phenytoin elimination, thus increasing phenytoin 
levels (69). Conversely, discontinuing chloramphenicol 
causes phenytoin levels to decline dramatically. Isonia-
zide also usually increases phenytoin levels. According 
to the Boston Collaborative Drug Surveillance Program, 
27% of the patients who take isoniazide plus phenytoin 
develop phenytoin toxicity if the phenytoin dose is not 
adjusted (70).

EFFECT OF ILLNESS ON PHENYTOIN 
PHARMACOKINETICS

Intercurrent illness can cause changes both in seizure 
threshold and in drug levels. Among all antiepileptic 
drugs, phenytoin levels are most liable to change dur-
ing intercurrent illness. Infectious mononucleosis, influ-
enza immunization, streptococcal pharyngitis, and any 
illness that causes fever can cause reduced phenytoin 
levels (71–73). One study indicated that, during febrile 
illness, phenytoin levels decrease by approximately 50%, 
declining from 16 to 8 mg/L on the average (73). Changes 
of this magnitude are expected to contribute to seizure 
recurrence in some patients.

Chronic renal disease is usually associated with 
alterations of phenytoin binding. In nephrotic syndrome, 
phenytoin binding is reduced to 80%, doubling the 
unbound phenytoin fraction (74). In addition, the half-
life of phenytoin is decreased in uremia (75). After suc-
cessful renal transplantation, phenytoin binding returns 
to normal (76). Although dialysis removes relatively little 
phenytoin, dialysis can remove significant amounts of 
water, thereby altering the patient’s serum albumin con-
centration (77). This can, in turn, reduce the unbound 
fraction of phenytoin following dialysis even though the 

total phenytoin level does not change (78). In these situ-
ations measuring the unbound phenytoin concentration 
may be necessary.

Significant hepatic disease is associated with hypo-
albuminemia and with increased concentrations of bili-
rubin and bile acids in serum, which can alter phenytoin 
binding. In addition, the hepatic biotransformation of 
phenytoin is variably impaired if hepatic parenchymal 
function is reduced, such as occurs in hepatitis or passive 
hepatic congestion due to heart failure. Again, in this 
case measuring the unbound phenytoin level is sometimes 
indicated.

ADVERSE EFFECTS

Phenytoin causes some degree of side effects in the major-
ity of patients, but only an estimated 10% to 40% of 
patients require a change of medication (79). In a study 
conducted among children in India, the risk of more than 
one side effect was 32%, 40%, and 19% for children 
treated with either phenobarbital, phenytoin, or sodium 
valproate, respectively. However, most of the side effects 
associated with phenytoin disappeared after phenytoin 
dosage adjustment (80).

In a British randomized comparison of phenytoin 
with carbamazepine, phenobarbital, and sodium val-
proate, all four drugs had equivalent efficacy, but there 
were substantial differences in side effects. After a high 
percentage of the children assigned to phenobarbital 
developed side effects, it was withdrawn from the study. 
Among the remaining agents, phenytoin was withdrawn 
in 9% of children compared to 4% withdrawal rates 
because of unacceptable side effects for carbamazepine 
and valproate (81).

Overall, the incidence of side effects with phenytoin 
is similar to that with carbamazepine, but the nature 
of the side effects differs. In children, the cosmetic side 
effects of gingival hyperplasia and hirsutism are nota-
bly common and aggravating after chronic phenytoin 
therapy.

Idiosyncratic side effects of phenytoin include blood 
dyscrasia, allergic reactions, and certain forms of neuro-
toxicity. Idiosyncratic neurotoxicity is a problem primar-
ily in patients who are abnormal neurologically and who 
do not manifest the usual signs of phenytoin toxicity. 
Immune-mediated reactions to phenytoin usually occur 
within the first two months of therapy. These include 
rashes, fever, lymphadenopathy, eosinophilia, serum sick-
ness with hepatic and renal dysfunction, and polymyosi-
tis (82). Pseudolymphoma consisting of rash, fever, and 
lymphadenopathy is rare.

Phenytoin is one of many drugs that can cause the 
antiepileptic drug hypersensitivity syndrome. This syn-
drome consists of rash, fever, lymphadenopathy, and 
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visceral organ involvement—especially involvement of 
the liver or the kidneys. The estimated incidence is 1 in 
3,000 exposures to phenytoin. Approximately 70% to 
80% of patients demonstrate cross-reactivity with phe-
nobarbital, primidone, and carbamazepine (83). The risk 
of serious skin rashes, defined as rashes extensive enough 
to require hospitalization, has been estimated at 2.3– 4.5 
per 10,000 for phenytoin compared to 1–4.1 for carba-
mazepine (84). Other forms of rash, such as fixed drug 
eruptions, have been linked to phenytoin as well (85).

Rarely, movement disorders are caused by phenytoin. 
These usually occur in patients who are neurologically 
abnormal (86). Both bradykinesia and choreoathetosis 
have been described. Both can occur on either an idiosyn-
cratic or a dose-related basis, although the latter is more 
common, with most affected patients having levels greater 
than 20 mg/L (87, 88, 89). Choreoathetosis has occurred 
after intravenous therapy and may be long lasting (90, 91).
Note that choreoathetosis can also be caused by carba-
mazepine and by ethosuximide (89, 92, 93).

Dose-related adverse effects of phenytoin may be 
either acute or delayed, appearing only after chronic 
treatment. The acute dose-related neurotoxicity of phe-
nytoin was well described by Kutt et al. more than two 
decades ago (55). Nystagmus occurs at levels of 15–
25 mg/L;  ataxia occurs at levels greater than 30 mg/L; 
and mental changes, with lethargy and mental clouding, 
occur at levels above 40 mg/L. Most patients with levels 
20 mg/L have nystagmus. Blood levels above 60 mg/L 
cause difficulty sitting up. Although rare, ophthalmoplegia 
is also dose related (94). Paradoxically, seizure frequency 
increases at phenytoin levels above 30 mg/L in some 
patients (95, 96). Among patients with severe epilepsy, 
this becomes a thorny management issue because certain 
patients require equally high levels for seizure control. 
The adverse effect of seizure exacerbation has been linked 
to several other drugs in addition to phenytoin, especially 
carbamazepine, gabapentin, phenobarbital, vigabatrin, 
and lamotrigine (97, 98). However, carbamazepine-
exacerbated seizures may be controlled by replacing 
carbamazepine with phenytoin (99).

Phenytoin-induced encephalopathy with dementia 
is also rare. Usually subacute and insidious, this is more 
likely to occur in neurologically abnormal patients who 
do not manifest the usual progression of concentration-
related toxic signs. It is usually reversible after phenytoin 
is discontinued (100–102).

Delayed adverse effects of phenytoin include periph-
eral neuropathy, reduced vitamin D levels, bone deminer-
alization, and cosmetic changes (103). The cosmetic side 
effects of hirsutism and gingival hyperplasia are more 
common with phenytoin than with other antiepileptics. 
The incidence of gingival hyperplasia is approximately 
40%, but percentages as high as 69% have been reported 
in patients in India with tuberculous meningitis who were 

treated chronically with phenytoin (104). Although not 
all studies agree, the risk of gingival hyperplasia appears 
to be directly related to the phenytoin dose and level and 
inversely related to age (105, 106). Factors that are unre-
lated to increased risk of this side effect include sex, age 
at onset of treatment, and duration of treatment (106). 
Other factors include genetic predisposition, plaque-
induced gingival inflammation, immunological status, 
and the induction of growth factors. Overall, gingival 
hyperplasia is more common in children than in adults. 
Poor oral hygiene further increases the risk;  preventive 
dental hygiene programs reduce the incidence and severity 
of this problem (107, 108).

The pathogenesis of gingival hyperplasia has not 
been completely elucidated. Reactive intermediates are 
thought to play a role. Microsomes from gingival tis-
sue do have the capacity to metabolize phenytoin (109). 
Phenytoin also increases serum concentrations of basic 
fibroblast growth factor threefold. Furthermore, basic 
levels of fibroblast growth factor have correlated better 
with the extent of gingival overgrowth than age, phe-
nytoin dose, duration of phenytoin administration, and 
serum phenytoin level (110).

The question of whether chronic phenytoin therapy 
at ordinary levels causes cerebellar and brain stem atrophy 
remains unanswered despite years of concern (111–113). 
The problem is complicated because cerebellar atrophy 
also occurs in patients with severe epilepsy who have not 
received phenytoin. In one study of mentally retarded 
patients, the incidence of cerebellar atrophy (28%) was 
similar in phenytoin-treated and untreated patients (114). 
Most cases of persistent ataxia and cerebellar and brain 
stem atrophy have occurred after chronically high levels 
of phenytoin and clinical signs of intoxication. However, 
brief periods of intoxication, and even single episodes 
of severe phenytoin intoxication, have been followed by 
cerebellar atrophy with permanent disability (115, 116). 
The issue is especially complex in mentally handicapped 
patients, who may not show the usual signs of phenytoin 
intoxication despite levels that would ordinarily be con-
sidered toxic (117). Nonetheless, high phenytoin levels 
have been temporally linked to the permanent loss of 
locomotion in mentally handicapped patients who had 
high levels chronically.

ADVANTAGES AND DISADVANTAGES 
OF PHENYTOIN

Historically, phenytoin has been one of the most widely 
used antiepileptic drugs in childhood epilepsy, but, over 
the past two decades, its use in children has diminished. 
Phenytoin has several special features that are advanta-
geous compared to other antiepileptic drugs (Table 49-4). 
These include its availability for parenteral administration 
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and its efficacy in status epilepticus. Pediatric physicians 
have extensive experience with phenytoin, and most are 
familiar with administering it to children. It is nonsedat-
ing. Disadvantages include the cosmetic and cognitive 
side effects and its complex nonlinear pharmacokinetics. 
The major adverse cognitive effects include slowing of 
motor and mental processes and variable impairment of 
memory.

Fosphenytoin

The intravenous administration of phenytoin has long 
been hazardous because of the need for alkaline pH 
and high concentrations of solvents (propylene glycol) 
in order to keep phenytoin in solution. The inven-
tion of fosphenytoin, the disodium phosphate ester of 
phenytoin, has circumvented both of these problems, 
resulting in safer phenytoin formulation for paren-
teral administration (118–120). Despite substantially 
increased cost compared to phenytoin, fosphenytoin 
has gained wide acceptance because of safety consid-
erations (121,122).

Fosphenytoin can be administered intravenously 
and intramuscularly and can be used to administer 
phenytoin parenterally for extended periods if nec-
essary (123–125). The phosphate ester is hydrolyzed 
rapidly by nonspecific hepatic phosphatases, releasing 
phenytoin. Although the half-life of the hydrolysis is 
approximately 8–15 minutes (126), the concentration 
of unbound phenytoin increases more rapidly because 
fosphenytoin displaces phenytoin from binding sites 
in blood (127, 128). As a result, the newly liberated 
phenytoin is largely unbound until the fosphenytoin 
concentration declines.

The fosphenytoin dose is prescribed and adminis-
tered as equimolar amounts of phenytoin, called “phe-
nytoin equivalents.” Thus the loading and maintenance 
doses of fosphenytoin in phenytoin equivalents are iden-
tical to phenytoin doses (129). Fosphenytoin infusion 

causes fewer adverse effects than intravenous phenytoin 
(125). Unique side effects compared to phenytoin are pru-
ritus and perineal paresthesias (130). Hypotension occurs 
less often following fosphenytoin intravenous infusion 
than with phenytoin but may occur later, after the infu-
sion (131, 132). Compared to intravenous phenytoin, 
fosphenytoin infusion is less likely to be painful or to 
cause erythema, irritation at the infusion site, or venous 
cording (132, 133). It has not been reported to cause purple 
glove syndrome as intravenous phenytoin can. Occurring 
mainly in elderly patients, purple glove syndrome consists 
of progressive edema, pain, and discoloration of the limb 
following intravenous phenytoin infusion. (134).

Other Antiepileptic Compounds 
Related to Phenytoin

The other hydantoins with antiepileptic potential use 
include mephenytoin (Mesantoin), a N-methylated com-
pound, and ethotoin (Peganone), which is N-ethylated 
(135). Information about the use of these drugs in chil-
dren is scant. Whereas phenytoin has two phenyl groups 
in the 5 position of the hydantoin ring, mephenytoin has 
both a phenyl and an ethyl group, like phenobarbital; 
ethotoin has a single phenyl group in the same position. 
Like other N-alkylated compounds, both ethotoin and 
mephenytoin are dealkylated in the body. The spectrum 
of activity of these compounds is similar to that of phe-
nytoin, but their side effects differ;  both compounds have 
a lower incidence of gingival hyperplasia and hirsutism. 
The genetic basis for variability in mephenytoin metabo-
lism has been described (135).

Mephenytoin use was discouraged by potentially 
fatal blood dyscrasias that occurred in an estimated 
1% of patients;  it is no longer marketed in the United 
States. The N-demethylated metabolite nirvanol is a 
racemic mixture of dextro- and levorotary isomers 
and accumulates in serum. Nirvanol, possibly the dex-
trorotary isomer, is responsible for most of the anti-
convulsant activity of mephenytoin. Nirvanol has a 
long half-life in adults, ranging from 77 to 176 hours 
(135–137). Among adults nirvanol levels of 25–40 mg/
L have been associated with improved seizure control 
(138). Both of these compounds have largely become 
pharmacogenetic probes for characterizing cytochrome 
P450 isozymes (139).

Since 1949 only 33 references regarding ethotoin 
have been listed in Index Medicus and there are no refer-
ences on its use since 1993. Nonetheless, ethotoin remains 
useful for patients with intractable epilepsy, where its 
role is bottom tier (140). It has nonlinear kinetics;  one 
study reported Vmax to range from 50 to 95 mg/kg/day 
and KM to range from 9 to 43 mg/L in children (141). 
Among patients switched from phenytoin to ethotoin, 
gingival hyperplasia recedes. The incidence of hirsutism 

TABLE 49-4
Summary of Special Features Regarding 

Phenytoin Administration in Childhood Epilepsy

Nonlinear elimination kinetics 
Frequent drug interactions
Fosphenytoin preferred for intravenous and 
 intramuscular administration
Need for slow intravenous administration of phenytoin
Unreliable intramuscular absorption of phenytoin
Paradoxical ability to cause seizures at high
 concentrations
Cosmetic and cognitive side effects
Generic substitution problematic 
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and ataxia is also said to be lower with ethotoin. Doses 
have ranged from approximately 20 to 50 mg/kg/day. The 
best contemporary source of information about how to 
use ethotoin is online at Wikipedia (http://en.wikipedia.

org/wiki/Ethotoin) and at the pharmaceutical website 
where prescribing information is posted (http://www.
ovationpharma.com/images/products/pdf/peganone_
pi.pdf).
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Sulthiame

CHEMISTRY, ANIMAL PHARMACOLOGY, AND 
MECHANISM OF ACTION

Sulthiame (STM) is a sulfonamide derivate, N-(4-
sulfamoylphenyl)-1,4-butansultam (Figure 50-1), a crystal-
line powder, with a molecular weight of 290 g/mol (1).

STM has no antibacterial properties, and although it 
is a weak carbonic anhydrase inhibitor it has no diuretic 
activity at therapeutic doses.

35S-STM is well absorbed from the gastrointesti-
nal tract in rats; 80% of the dose of STM is excreted 
unchanged in the urine during the next 48 hours and only 
a small amount is found as an inactive hydroxylated 
derivative in urine (2). STM readily penetrates into tis-
sues and brain and reaches concentrations similar to those 
found in plasma. STM half-lives in animal studies are 
variable and range from �4 hours in rabbits to 4.5–7.3 
hours in dogs and �15–30 hours in rats (2).

Long-term observations in rats and dogs did not 
show toxic effects on organs such as liver, kidney, or bone 
marrow. The acute toxicity after oral intake calculated 
as LD50 is �5,000 mg/kg in rats and mice and in rabbits 
�1,000 mg/kg (3).

Tests investigating adverse effects on reproduction 
were performed by feeding rats with STM at doses 
ranging from 30 to 300 mg/kg. With higher doses, ani-
mals became lethargic, appetite decreased, and pregnant 
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animals gained less weight. A significant and dose-dependent 
decrease in fetal weight with doses higher than 100 mg/kg 
was observed, and even fetuses exposed to a dose of 
30 mg/kg STM were, albeit not significantly, smaller than 
controls (D. Lorke, personal communication 1985).

In a model designed to investigate the influence of 
antiepileptic drugs (AEDs) on the developing brain, neu-
ronal apoptosis increased in the brain of newborn rats 
exposed to standard anticonvulsants such as phenytoin 
(PHT), phenobarbital (PB), carbamazepine (CBZ), viga-
batrin, or valproate (VPA). With STM, neuronal death 
was comparable with exposure to VPA or vigabatrin, 
however not as prominent as with PHT or PB (4, 5).

STM was proven to be effective against maximal elec-
troshock (MES) (ED50 	 35 mg/kg) and penthylentetrazol-
induced seizures (ED50 	 260 mg/kg) in mice, however 
it was ineffective against strychnine-induced seizures (3). 
The therapeutic index (LD50/ED50) of STM in MES was 
10 times higher than that of PB and 4 to 5 times higher 
than that of PHT. In a primate model—photosensitive 
baboons (20–125 mg/kg i.v.)—STM did not show anti-
convulsant properties (6). In amygdaloid-kindled seizures 
in rats, Albertson and coworkers reported no efficacy (7); 
whereas another group found some effects, which were, 
however, much weaker and not comparable to those of 
CBZ, PHT, PB, or zonisamide demonstrated by the same 
group (8).

50
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Like acetazolamide—although 10–20 times weaker 
(3)—STM has carbonic anhydrase–inhibiting properties 
(9, 10). A familiar and still accepted explanation for the 
anticonvulsant effect of STM is the inhibition of carbonic 
anhydrase activity, mainly in glial cells. Subsequently, car-
bon dioxide concentrations increase, leading to acidifi-
cation of both intracellular and extracellular space. By 
acting via N- methyl-D-aspartate (NMDA) receptors and 
calcium currents, this acidification reduces the excitability 
of neurons. In addition, there seems to be an independent 
effect of STM on the function of neuronal ion channels. 
In isolated neurons from guinea pig hippocampus, STM 
reduced inactivating sodium currents without changing 
potassium currents. Therapeutic concentrations of 1 to 10 
µg/mL decreased sodium currents to about 20% and led 
to impairment of repetitive generation of action potentials 
and a reduction of the maximum discharge frequency by 
20% to 40% (11).

BIOTRANSFORMATION, 
PHARMACOKINETICS, AND 
INTERACTIONS IN HUMANS

A total of 80% to 90% of oral STM is excreted mostly 
unchanged in urine, and 10% to 20% is lost with 
feces after biliary secretion (2). In humans, 32% of a 
single dose of STM is excreted by the urine within the 
first 24 hours. The protein binding of STM amounts 
to 29%.

STM serum peak levels were reached after 4 hours 
(range, 2–8 hours) after a first single oral dose of 5 mg/kg 
in children with epilepsy taking other AEDs (12). May 
et al calculated the STM interquartile range (25th to 75th 
percentile) of serum concentrations as being between 2.3 
and 5.8 (mean, 4.7) �g/mL in 86 patients (2–89 years) 
on chronic 9.1 � 4.67 mg/kg STM therapy in combina-
tion with other AEDs, mainly CBZ, VPA, or PB (13). In 
various studies, a linear correlation between STM serum 
concentrations and the dose/body weight in children and 
adults could be demonstrated with an STM dose of 4 to 
16.7 mg/kg (9, 13, 14). Children need higher doses per 
kilogram of body weight than adults to reach comparable 
serum levels (13). After a single first STM load, serum 

half-life was calculated to be 3.7 hours (range, 2–7 hours) 
(12). May et al found somewhat longer STM half lifes 
(8.65 � 3.0 hours) at steady-state in children and adults 
on stable comedication with CBZ, VPA, or PB. Half-lives 
are shorter in children than in adults (7 � 2 hours vs. 12 
� 2 hours) (13).

The decline of plasma concentrations followed in 
most cases a first-order kinetic; only a few patients’ data 
were in favor of saturated kinetics. Steady state is reached 
3 to 4 days after beginning treatment with STM. This 
short half-life explains the considerable daily fluctuations 
in STM concentrations, which explains the failure to 
establish a correlation between STM drug concentrations 
and anticonvulsive effect (13, 15).

Sulthiame is known for its interaction with phe-
nytoin (16–18). In one study, adult patients with epi-
lepsy on a stable dose of 300 mg PHT daily were started 
on a concomitant administration of 200 to 800 mg 
of STM. This caused a rise in serum PHT after one 
week and prolonged PHT half-life substantially (17). 
In some patients with already critical PHT serum con-
centrations, adding STM can provoke PHT intoxication 
(19). Olesen and Jensen already speculated that this 
increase of PHT levels is due to a direct inhibition by 
STM of the para-hydroxylation of PHT (18), which was 
later proven (20). CBZ decreases STM concentrations, 
probably secondary to enzyme induction (13). STM 
increased CBZ-epoxide by �30% in 6 of 39 patients, 
whereas CBZ levels remained unchanged, and PHT 
levels increased by �30% in 3 of 5 patients (21). No 
interactions with VPA were observed (13).

CLINICAL EFFICACY AND 
SPECTRUM OF ACTIVITY

Sulthiame is one of the older AEDs, developed in the 1950s 
and introduced into the market in the 1960s. Therefore, 
much of our knowledge today comes from case stud-
ies and open trials of that period. Only two prospective 
studies evaluating the efficacy of STM in benign epilepsy 
of childhood with centrotemporal spikes (BECTS) (22) 
and West syndrome (23, 24) were performed according 
to recent recommendations of the International League 
Against Epilepsy (ILAE).

History

Results of the first open trials, mainly in adult patients 
with temporal lobe seizures according to the classification 
then in force, were published in 1960 (24–26); 23 of 81 
patients treated with STM (200–1,200 mg/day) became 
seizure free (28%), 9 of the 23 taking STM monotherapy; 
the mean length of follow-up was 6 months (25). Of these 
9 patients, 3 stopped STM medication. Seizures relapsed 

FIGURE 50-1

Structural formula of sulthiame.
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but could be controlled again after reintroduction of STM. 
Such a high success rate of 28% could not be reproduced 
in other trials (26, 27).

In 1960, Doose et al were the first to demonstrate 
the efficacy of STM in children with epilepsy (28, 29); 
129 children with focal, mainly “psychomotor” seizures, 
secondarily generalized tonic-clonic seizures, as well as 
generalized grand mal seizures and petit mal with or 
without grand mal, were treated and observed for over 
6 months. Doose et al made the surprising observation 
that the best effects of STM were seen in children with 
psychomotor seizures, being regarded as especially dif-
ficult to treat at that time. With STM monotherapy, 13 
of 24 children with psychomotor seizures and a further 
24 of 41 children with focal seizures (simple and complex 
partial seizures with or without grand mal) became sei-
zure free; in 7 children a reduction in seizure frequency 
of �50% was seen. In reading this old study with our 
present knowledge, we understand how close Doose et al 
were to discover independently the concept of benign 
epilepsy with centrotemporal spikes (BECTS), which was 
proposed first in 1958 by Nayrac et al and 2 years later 
by Nayrac and Beaussart (30) and Gibbs and Gibbs (31). 
It is of historical interest that the focal discharges in the 
first electroencephalogram (EEG) of a 10-year-old patient 
later shown to normalize under treatment with 400 mg/
day STM would be classified today as rolandic spikes 
(Figure 50-2) (26).

In 1974, Green et al published a double-blind, cross-
over study comparing the efficacy of STM with that of 
PHT, which was defined as the “standard of comparison 
for anticonvulsant testing” (16). The design of this study 
is quite unusual, and lack of detailed data makes it impos-
sible to draw one’s own conclusions.

In this study, 67 patients with partial seizures with 
or without secondary generalization were included. In 
an open phase, all patients were first placed on a mono-
therapy with PHT for 2 months before the blinded 
phase started, during which patients were randomized 
to either PHT or STM. Whereas PHT was titrated to an 
individual dose during the open phase, in the blinded 
phase a ratio of 4:1 STM to PHT was calculated, mean-
ing either that patients remained taking the same dose 
of PHT, or that a fourfold dose of STM was added, 
resulting in STM doses of 3.7 to 64.0 mg/kg. In most 
cases, this dose was 17 to 50 mg/kg (mean, 31.2 mg/
kg), being well above recommended doses even at that 
time. A total of 10 of 67 patients were already lost 
during the first open phase on PHT monotherapy, and 
36 more during the blinded part of the study—11 tak-
ing PHT and 25 taking STM. Only 21 of 67 patients 
completed the study, 11 taking PHT, 10 taking STM. 
Of these 21 patients, 10 had fewer seizures with PHT, 
9 with STM. Nevertheless, the authors stated that 
“sulthiame has very little value as a primary anticon-
vulsant agent” and concluded that “it seems logical 
. . .to ascribe the benefit of sulthiame in the control of 
seizures to the fact that it raises serum PHT levels. . . . 
it is easier, more precise and less expensive to increase 
PHT serum level by administrating more PHT than by 
giving sulthiame.”

Callaghan et al (14) came to similar conclusions 
when analyzing 10 adult patients (14–75 years of age; 
mean, 32.7 years) allocated to 3 to 10 mg/kg/day STM. 
They concluded that “STM did not appear to be of ben-
efit to patients with severe and frequent seizures. The 
improvement (seen) was related to an increase in serum 
phenytoin levels” (14).

FIGURE 50-2

Electroencephalogram in a 10-year-old boy (a) before and (b) after a 30-day treatment with 400 mg of sulthiame.

(a) (b)



656 V • ANTIEPILEPTIC DRUGS AND KETOGENIC DIET

These interpretations stopped further clinical trials 
with STM for a long time in most parts of Europe and 
North America.

Spectrum of Efficacy

STM is proven to have specific action in BECTS. After 
BECTS was recognized as a distinct epileptic syndrome 
in children (30–32), the efficacy of STM was reevaluated 
by Doose et al (33). In a retrospective open study with a 
follow up from 7 months to 7 years they reported that 48 
of 56 children (85%) with typical benign partial epilepsy 
became permanently seizure-free with 4 to 6 mg/kg/day 
STM.

A 6-month prospective, randomized, double-blind, 
placebo-controlled multicenter study of STM in BECTS, 
following the recommendation of the ILAE, was pub-
lished in 2000 (22); 194 patients were screened, and 66 
children (40 males, 26 females; age 8.3; range, 3.1–10.7 
years) with the diagnosis of BECTS and two or more 
seizures during the past 6 months were randomized to 
either STM or placebo for 6 months of treatment. The 
primary effectiveness was the rate of treatment failure 
events per group, which were defined as the first seizures 
after a 7-day run-in period, intolerable adverse effects, 
development of another epileptic syndrome, or termina-
tion of the study by the parents or the investigator. The 
trial was stopped when the first interim analysis showed 
a significant superiority of STM treatment; 25 of 31 
patients in the STM group (80.6%) but only 10 of the 
35 placebo-treated group (28.6%) completed the trial 
(P � 0.0001). In only 4 children taking STM but in 21 
taking placebo, the failure event was a seizure. Two par-
ents of the placebo group withdrew. All other failure 
events were due to termination of the trial by the inves-
tigators after the interim analysis.

The efficacy of STM in typical and atypical benign 
idiopathic partial epilepsies was shown by case reports 
from single centers and in some prospective as well as 
retrospective open studies (34–36).

In an open prospective trial between 1988 and 2001 
and a follow-up of more than 12 months, 21 children 
with BECTS, atypical rolandic epilepsy, Landau-Kleffner 
syndrome, or continuous spike waves during slow sleep 
(CSWS) were treated with STM. In 15 children STM was 
the first and only treatment, whereas 10 children had had 
another treatment before STM. Of 21 children with sei-
zures, 13 became seizure free, including 10 of 16 patients 
with BECTS. In 6 of 10 STM was the first drug (36).

A total of 125 children with various epileptic syn-
dromes treated with STM as monotherapy or add-on 
between 1989 to 1998 were analyzed retrospectively in a 
multicenter study; 24 of 26 patients with benign rolandic 
epilepsy of childhood (including 3 atypical cases) and all 
13 children with benign occipital epilepsy of childhood 

were treated with STM only. A total of 29 of these 39 
children became seizure free, and a further 6 of 39 showed 
a reduction of seizures of �50% (37).

In a retrospective analysis, 111 consecutive patients 
with BECTS seen at five pediatric neurology outpatient 
clinics and one private clinic were collected. All patients 
were treated with either STM or CBZ according to the 
institutional policy. Efficacy was defined by seizure free-
dom for more than 2 years. In 67% of patients treated 
with STM “seizures disappeared,” whereas in 74% 
treated with CBZ “seizures abated.” Authors stated no 
significant difference regarding efficacy between the 
two drugs. It is noteworthy that 5 of 8 patients who 
were switched to STM after failing CBZ became seizure 
free, whereas none of the 3 patients having failed STM 
became seizure free after treatment had been changed 
to CBZ (38).

In another single center study, 35 patients with typi-
cal rolandic epilepsy treated either by STM (n 	 17) or 
CBZ (n 	 16) or other AED (n 	 2; primidone, PHT) 
were analyzed. A total of 15 of 17 patients in the STM 
group, but only 9 of 16 in the CBZ group became seizure 
free. The author speculated that in 3 of the 15 STM chil-
dren, and in 6 of the 9 CBZ children, this outcome could 
have been due to the natural outcome of BECTS (34).

Of 8 children with atypical benign partial epilepsy, 
5 became seizure free with STM, 1 with CBZ and 1 with 
ACTH. In 2 children, it was believed that the epilepsy 
was worsened by CBZ. Both became seizure free when 
switched to STM (34).

Gross-Selbeck reported further data on Landau-
Kleffner syndrome (LKS) and CSWS treated with various 
AEDs, including STM. Two of four children with LKS 
showed a normalization of EEG under STM alone or in 
combination with clobazam; in the two others the EEG 
markedly improved. One of three children with CSWS 
on STM � clobazam became seizure free and showed a 
substantial amelioration of the EEG abnormalities (34). 
Wakai et al report on a 5-year-old, previously normal 
boy who developed a loss of acquired language, audi-
tory agnosia, and atypical absences and complex partial 
seizures as well as CSWS. When he received 80 mg/day 
of STM, there was an excellent outcome regarding all 
clinical symptoms, accompanied by an improvement of 
EEG changes and disappearance of CSWS (39).

The second prospective, randomized, double-blind, 
placebo-controlled, multicenter study on STM, follow-
ing the guidelines of the ILAE, was done in patients with 
West syndrome (23); 33 infants with newly diagnosed 
typical West syndrome (clinically infantile spasms and 
hypsarrhythmia in the EEG) were included in the study. 
To exclude pyridoxine-dependent seizures, all received for 
the first 3 days of the baseline phase 150 to 300 mg/kg 
pyridoxine. On day 4 they were randomized to either 
STM or placebo. STM was started with 5 mg/kg/day and 
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increased to 10 mg/kg/day when after 3 days no response 
was recorded. At the end of day 9, an EEG was recorded 
and study medication revealed. In the 16 patients in the 
placebo group, neither spasms nor hypsarrhythmia dis-
appeared. In the STM group 6 of 17 infants showed a 
complete clinical and EEG response. In the follow-up 
period none of these six children on STM monotherapy 
relapsed (P � 0.022). Three patients of the STM group 
who failed during the trial period became free of seizures 
after the STM dose was increased to 15–16.4 mg/kg/day. 
All but one patient of the placebo group received STM 
in the open follow-up. Four of these 15 patients also 
became seizure free.

Lerman and Nussbaum (35) reported on the use of 
STM in patients with epilepsies with myoclonic seizures 
comprising cases of Lennox-Gastaut syndrome, myo-
clonic petit mal, myoclonic seizures in Unverricht-Lund-
borg disease, and juvenile myoclonic epilepsy (JME). In 
the retrospective analysis of 12 adolescents and young 
adults with juvenile myoclonic epilepsy, 8 were controlled 
completely on STM alone (doses, 400–800 mg/day). In 4 
of these 8 patients STM was the first drug; in the remain-
ing 4 STM replaced previous drugs, even combinations of 
several AEDs (35). Ten patients with JME were treated by 
STM only; 7 of 10 became seizure-free, and another 3 of 
10 had a reduction of seizures by �50% (37). Kurlemann 
et al, investigating STM efficacy in newly diagnosed epi-
lepsies, reported on one child with a childhood absence 
epilepsy who became seizure free by STM monotherapy 
as the first drug (40).

STM was shown in old (15, 24–26, 41–45) and 
new open, prospective and retrospective studies to have 
effects as add-on treatment in cryptogenic or symptom-
atic localization-related epilepsy in adults as well as in 
children (21, 37, 40, 46). A total of 17 of 42 children aged 
3 to 18 years with a symptomatic localization-related epi-
lepsy treated by STM became seizure free, and another 12 
of 42 had a reduction in seizures of �50% (37). Kurlemann 
et al reported on 48 consecutive children seen at one institu-
tion and suffering from simple or complex partial seizures; 
28 of 48 (65.1%) treated by STM, which was the first AED 
in most patients, became seizure free (40). In an institutional 
analysis of 49 children with a pharmacoresistant focal epi-
lepsy, 8 became seizure free after add-on STM and 6 more 
patients had a reduction of seizures by �50% (follow-up 
in most cases �21 months) (46).

Recently, in a prospective open-label study with 48 
adult patients with refractory epilepsy classified either 
as cryptogenic or symptomatic localization-related epi-
leptic syndromes, STM was given as add-on at a dose of 
200 to 600 mg/day. STM and concomitant AEDs were 
adjusted at the discretion of the investigator as indicated 
by patient tolerability. A total of 36 of 48 patients com-
pleted the titration and continuation phase and could 
be analyzed. Overall seizure frequency against baseline 

level was significantly reduced by 36%, with a significant 
reduction in complex partial and generalized seizures, in 
the number of clusters and number of days affected by 
seizures (P � 0.01 to 0.001). Twenty-two patients expe-
rienced at least a �50% reduction in seizure frequency; 
three became completely seizure free. After more than 2 
years, 17 patients having a �50% reduction of seizure 
frequency still received STM (21).

Effect of STM on Epileptiform EEG Activity

At least in Europe, the impact of focal discharges in 
BECTS on cognitive function, language performance, 
and overall intellectual development is a highly discussed 
issue. Transition of rolandic spikes to CSWS is possible 
(34, 47, 48). Normal neuropsychological and motor 
functions before and declining with the onset of CSWS 
have been described (49). There are reports that CBZ—
although effective to treat seizures in BECTS—does not 
substantially alter the EEG pattern and may even lead to 
deterioration, including transition to CSWS. Therefore, 
the influence of STM on the EEG abnormalities in BECTS 
as well as in CSWS is of special interest.

In a prospective double-blind trial on STM versus 
placebo in BECTS, 179 sleep EEGs were recorded at 
screening and after 4 weeks, 3 months, and 6 months of 
therapy. All EEGs were analyzed by a blinded reviewer 
using a standard protocol and building a score by collect-
ing data on epileptiform activity (number of foci, propor-
tion, propagation). At screening, no difference was found 
between the two groups. A total of 80 foci were identified 
in 59 patients with sufficient EEG data. Most of them had 
only one focus, 15 had two, and 3 had three independent 
foci. The number of patients with EEG normalization 
was significantly higher in the STM group than in the 
placebo group. EEG normalization was transient in 12 
of 31 in the STM and 4 of 35 in the placebo group and 
persistent in 9 in the STM and 1 in the placebo group. 
Using a complex score for intraindividual comparisons 
during follow-up, the STM group displayed a significant 
improvement of this EEG score at 4 weeks and at 3 and 
at 6 months (50).

In another study, the EEG in 21 of 25 children 
with BECTS and related disorders was controlled 3 to 6 
months after the introduction of STM. In 4 of 21 a total 
disappearance; in a further 9 of 21 a marked decrease 
of discharges in the EEG was seen. Of these 13 children 
with EEG improvement, a second control EEG remained 
normal, respectively further improved, in 9 cases. In the 
EEG of the 4 remaining children epileptiform discharges 
increased again compared to the first control (36). In 
another group of patients with benign partial epilepsies 
of childhood, EEG data before and during STM treat-
ment were available in 20 of 39 patients. Complete EEG 
normalization was obtained in 13 patients 1 to 3 months 



658 V • ANTIEPILEPTIC DRUGS AND KETOGENIC DIET

after initiation of treatment. This EEG normalization was 
transient in all patients, although seizure control was 
maintained (37). Similar data were reported in an open 
trial in 27 children with BECTS; in 70.4% the EEG was 
normalized.(40) In his retrospective study, Gross-Selbeck 
emphasized the EEG features and treatment-induced EEG 
changes in BECTS. Of 33 patients suffering from typical 
and atypical rolandic epilepsy, 16 were treated with CBZ. 
In this group, the EEG showed no clear improvement, 
the patients suffered even temporary EEG deterioration, 
whereas in 14 of 17 patients treated with STM the EEG 
showed clear improvement and normalized in 7 children 
(34). In a study comparing CBZ and STM, EEG normal-
ization was defined only for patients who became sei-
zure free and in whom an EEG was done during the first 
year after the last seizure. EEG data were available in 
19 patients who became seizure free with CBZ; in 8 of 
those 19 the EEG was normalized. In the STM group 
EEG data were available for 7, who responded to STM; 
5 of 7 had a normalized EEG (38).

Since the first description of subclinical electrical 
status epilepticus during sleep (ESES) in children by 
Patry et al (51), later called CSWS, there is an ongoing 
debate on the relationship between BECTS and related 
syndromes such as atypical rolandic epilepsy, CSWS, or 
Landau-Kleffner syndrome. CSWS has been observed 
to develop in children with prior idiopathic partial 
epilepsies—either BECTS (34, 47) or idiopathic child-
hood occipital epilepsy (48). It was suggested to try STM 
in these conditions. In a study on STM in typical and 
atypical rolandic epilepsy and related epilepsy syndromes
(n 	 21), 4 children with cognitive disturbances associ-
ated with “focal sharp waves” but without recognized 
clinical seizures were included and treated with STM. 
A total of 19 of 21 of all children were investigated by 
formal neuropsychological testing before and under STM 
therapy. Neither stagnation nor decline of individual 
performance was observed. In the four cases without 
seizures, an improvement of test performance could be 
documented; but the authors stated that it was not pos-
sible to conclude with certainty whether this was the 
natural evolution or the result of decreased epileptiform 
discharges (36). Gross-Selbeck reported improvement of 
language and overall intellectual development in children 
with atypical benign partial epilepsy and Landau-Kleffner 
syndrome after STM, which was accompanied by an EEG 
improvement not obtained with various other AEDs tried 
previously (34).

Besides its effect on idiopathic rolandic spikes, 
STM also seems to be effective against focal discharges 
in symptomatic epilepsy. In adult patients with temporal 
lobe epilepsy (TLE) (age, 16–43 years) the EEG showed 
“considerable improvement” in 20 of 35 “marked 
responders” (�75% reduction of seizure frequency), 
follow-up being at least 6 months (52). But there is also 

contradicting evidence. In a prospective blinded study 
the number of epileptiform discharges during the first 20 
minutes of each waking tracing or the first 20 minutes of 
sustained sleep EEG was counted. More patients treated 
with STM showed an increase in epileptiform patterns 
than those taking PHT (53). Whereas 8 of 13 patients 
completing the trial had fewer epileptiform patterns com-
pared to baseline at the end of the PHT phase, in 11 of 
16 patients the number of epileptiform patterns increased 
when taking STM. Recently, Kurlemann et al reported on 
48 children suffering from symptomatic epilepsies with 
simple or complex partial seizures and found—besides the 
clinical improvement—an EEG normalization in 65% of 
the patients receiving STM (40).

ADVERSE EFFECTS

Data coming from prospective studies are insufficient to 
draw final conclusions on adverse effects in STM, because 
the number of patients is limited and the observation time 
short. There are no severe, life-theatening adverse effects 
described. In prospective and retrospective studies, most 
often hyperventilation or dyspnea are reported. Somno-
lence or drowsiness or apathy and paresthesias in the 
fingers and periorally are other frequently encountered 
side effects. Hyperventilation and apathy are certainly 
dose related. This does not seem to be true for pares-
thesias. Still, all three symptoms may disappear even if 
the STM dose remains unchanged. Fenton et al reported 
on one adult with a pronounced hyperventilation and 
an increased ventilation at rest. The ventilatory capac-
ity was normal and pCO2 was substantially reduced but 
returned to normal after cessation of STM (43). Tröger 
et al found a decrease in serum bicarbonate and pH and 
elevated base excess, that is, signs of a mild compensated 
metabolic acidosis (54). This adverse effect can easily be 
explained by the inhibition of carbonic anhydrase activ-
ity by STM.

Already in the older literature of the 1960s and 1970s 
psychiatric problems were reported with the higher doses of 
STM used at that time. In a retrospective multicenter study 
on 125 patients with different epilepsies and epileptic syn-
dromes, adverse effects associated with STM were regarded 
“as minimal” (37); main adverse effects were hyperventila-
tion (19), paresthesias (8), and drowsiness (5). However, 
psychiatric syndromes (3), anorexia (2), sensation of fear 
(2), and forced normalization (1) were reported. STM 
discontinuation was necessary in 4 because of psychiatric 
problems (3), hyperventilation (1), and paresthesias (1). 
Tröger et al reported a 4.5-year-old boy receiving 15 mg/
kg/day of STM developing hallucinatory symptoms after 3 
weeks. The authors claimed that drug-associated metabolic 
acidosis caused this symptom; it disappeared within 1 day 
after discontinuation of STM (54). Poor concentration, 



65950 • SULTHIAME

depressed mood, fatigue, and lack of drive were observed 
in a 9-year-old boy with BECTS treated with STM in a dose 
of 5 mg/kg/day. The Developmental Test of Visual Percep-
tion (Frostig) revealed a significant drop in performance 
(55). In rare cases children taking STM became unable to 
conduct even simple mathematical tasks that they had been 
able to perform without any difficulty before (own observa-
tion, unpublished). Already in 1964, Fenton et al reported 
the “inability to think clearly” in three adults under STM 
(43). All these disturbances resolved within a few days, 
or even within hours after discontinuation of STM (23). 
Comparing CBZ and STM in an open, multicenter trial on 
111 patients, 11 of 73 taking CBZ discontinued the treat-
ment because of adverse reactions and 4 of 27 taking STM 
discontinued treatment because of paresthesias (n 	 3) or 
severe behavioral problems (n 	 1) (38).

It had been speculated that STM, as a weak carbonic 
anhydrase inhibitor, like acetazolamide or zonisamide, 
may change the urinary pH, thus increasing the risk of 
urolithiasis. Nevertheless it was shown that urinary pH 
remains in the normal range with STM treatment (56). In 
concordance with these findings crystalluria is less often 
observed in children taking STM than in those taking 
acetazolamide or zonisamide, indicating an elevated risk 
of developing urolithiasis (57).

There is one report on a reversible adverse effect 
on liver function. A 10-year-old child receiving 4.3 mg/
kg/day STM developed a progressive elevation of liver 
enzymes alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), and gamma-glutamyl transpeptidase 
(GGT) to a maximum of 946 U/L, 416 U/L, and 68 U/L, 
respectively, without any other clinical signs of hepatic 
disturbance except for a mild increase in bilirubin to 1.2 
mg/dL. All laboratory findings normalized within 6 weeks 
after discontinuation of STM (58). There are no other 
reports on adverse effects influencing hepatic function, 
blood count, or renal function.

CLINICAL USE (INCLUDING PREPARATIONS, 
DOSAGE, TITRATION, AND PRECAUTIONS) 

AND LABORATORY MONITORING

For the treatment of BECTS and related epileptic syn-
dromes a dose of 4 to 8 mg/kg/day of STM is recom-
mended. In West syndrome, the STM dose should be 
increased from 5 to10 mg/kg/day up to 20 (to 25) mg/kg/
day. Whether in older children the intake of more than 
10 mg/kg/day is of any benefit is still under discussion. 
Though half-lives are short and require, in theory, three 
daily doses, we believe from our clinical experience that 
two doses per day are sufficient in most cases.

Alhough no specific adverse effects are described, 
blood count and renal and hepatic functions should be 
checked every 6 to 12 months, as in any long-term treat-
ment. In the special case of severe hyperventilation it is 
worthwhile to check base excess, bicarbonate level, and 
pCO2; in some children the addition of bicarbonate may 
be useful to help continuing treatment with STM.

Serum levels need not be controlled in patients 
treated with STM. The dose should be titrated accord-
ing to efficacy and side effects.

STM is available at least in Argentinia, Australia, 
Austria, Czech Republic, Germany, Hungary, Israel, 
Slovakia, and Switzerland.

No allergic reactions were reported in cases with 
known sulfonamide intolerance. STM should be used 
with caution in acute porphyria, hyperthyroidism, hyper-
tension, and decreased renal function (46). There are no 
data regarding teratogenicity of STM in humans. In rats 
STM significantly reduced placental and fetal weight 
secondary to reduced food intake by pregnant animals 
treated with 100 to 300 mg/kg/day. A slight, however 
significant, reduction in the birth weight of rat pups is 
found even after 30 mg/kg/day STM during pregnancy. 
No malformations have been reported so far.
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Tiagabine

n the last few years, a new genera-
tion of antiepileptic drugs (AEDs) 
has been developed (1, 2), with 
much interest in drugs that work on 

the gamma-aminobutyric acid (GABA) system. GABA 
is the primary inhibitory neurotransmitter in the mam-
malian nervous system (3, 4). Increasing the effects of 
the GABA system is theorized to prevent seizures. This 
type of prevention has already been noted with the bar-
biturates and benzodiazepines, which act on the GABA 
receptor. Valproate, a GABA analog, is an effective AED 
against a variety of seizure disorders, although its pre-
cise mechanism of action remains unclear (5, 6). Recent 
attempts to utilize the GABA system have focused on 
GABA metabolism and have resulted in the development 
of two new drugs. One drug, vigabatrin (Chapter 54), 
available in much of the world but still experimental in 
the United States because of concerns about retinal tox-
icity, is an irreversible inhibitor of GABA transaminase 
(1, 5, 7). By blocking degradation vigabatrin raises the 
levels of GABA. The second drug, tiagabine (Gabitril), 
was approved by the FDA for the adjunctive treatment of 
partial seizures in adults and adolescents in 1997.

Tiagabine was developed as a designer drug to block 
GABA uptake by presynaptic neurons and glial cells (1, 3, 
8–13). This blocking should increase GABA concentra-
tion in the synapse, resulting in longer duration of action 
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in the synaptic cleft without substantially altering total 
brain GABA levels. Tiagabine has undergone extensive 
clinical trials in adults with intractable partial seizure dis-
orders (14–19). Less information is available on the use 
of tiagabine in children, although some clinical trials were 
done (20–23). In this manuscript, we review the avail-
able data on tiagabine with an emphasis on its use in the 
pediatric age group. Because tiagabine is a relatively new 
drug and its use in epilepsy has decreased over time, the 
pediatric data are relatively sparse. This chapter reviews 
the available data, including the recent safety data, with 
an emphasis on the pediatric aspects.

PHYSICOCHEMICAL CHARACTERISTICS

Tiagabine hydrochloride is a whitish, odorless crystal-
line powder with the chemical name (-)-(R)-1-[4,4-Bis
(3-methyl-2-thienyl)-3-butenyl] nipecotic acid hydrochloride. 
The chemical formula is C20H25NO2S2 · HCl, and the 
structure is shown in Figure 51-1. It is 3% soluble in 
water and is insoluble in hexane. The nipecotic acid moi-
ety of the molecule has an asymmetric carbon, and the 
R (�) enantiomer is four times more potent that the 
S (�) enantiomer. The name tiagabine refers to the R (�)
enantiomer, which consists of nipecotic acid joined to a 
lipophilic anchor.

51

I
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Animal experiments demonstrated that nipecotic 
acid was anticonvulsant and could preferentially block 
glial and neural GABA uptake in mice (24). However, 
nipecotic acid had to be injected intracerebrally in ani-
mals because it did not cross the blood-brain barrier. The 
addition of a lipophilic anchor to nipecotic acid allowed 
passage across the brain barrier and maintained the 
desired property of blocking GABA uptake. The result-
ing compound is tiagabine hydrochloride and is referred 
to as tiagabine.

MECHANISM OF ACTION

Tiagabine increases the amount of GABA available in 
the extracellular space by preventing GABA uptake 
into presynaptic neurons, as schematically shown in 
Figure 51-2. The increased GABA enhances inhibitory 

effects on receptors of postsynaptic cells. This effect was 
confirmed in hippocampal rat slices, in which tiagabine 
prolonged GABA-mediated inhibitory postsynaptic 
potentials (25).

In-vitro work in adult rats has shown that tiagabine 
blocks GABA uptake by binding in a stereospecific and 
saturable fashion to the GABA recognition sites in neu-
rons and glial cells (26). Tiagabine binds to a class of 
high-affinity binding sites that most likely represent the 
GABA transporter GAT-1 (27).

The action of tiagabine is confined to blocking 
GABA uptake. Tiagabine is not itself taken into neurons 
or glia. Tiagabine is highly selective for the GABA system 
and does not affect other neurotransmitters. Tiagabine 
binds weakly to the benzodiazepine and H1 receptors, but 
only at concentrations 20 to 400 times those required to 
inhibit GABA uptake (26). This binding is unlikely to be 
clinically relevant.

Tiagabine is an anticonvulsant in a variety of animal 
models of epilepsy, including pentylenetetrazol (PTZ)-
induced seizures (11), DMCM-induced seizures (8), and, 
at high doses, seizures induced by maximal electroshock (11) 
(DMCM, methyl 6,7-dimethoxy-4-ethyl-beta-carboline-
3-carboxylate, is a proconvulsant that is an inverse ago-
nist of the benzodiazepine receptor).

Tiagabine has shown other anticonvulsant activity 
in animal models. Tiagabine suppresses amygdala-kindled 
seizures in rats (8) and is effective in treating convulsive 
status epilepticus in cobalt-lesioned rats (28). Tiagabine 
also has moderate efficacy in the genetically determined 
generalized epilepsy in photosensitive baboons. Tiagabine 
may have a proconvulsant effect that has been noted 
with other AEDs. Spike-and-wave discharges were 
noted after control of motor status at doses of more 
than 5 mg/kg in both lesioned and normal rats (28). In 
a strain of rats (WAG/Rij) that are genetically prone to 
epilepsy—a strain that is considered an animal model of 
generalized nonconvulsive absence epilepsy—type II spike 
wave discharges were increased at dose of 3 mg/kg and 
10 mg/kg, but not at doses of 1 mg/kg, which is closer to 
the therapeutic range (29). In these epilepsy-prone rats, 
the increase in spike-wave discharges was not correlated 
with behavioral abnormalities in the animals. These data 
suggest that tiagabine may exacerbate absence seizures. 
However, tiagabine is effective in blocking PTZ-induced 
seizures, which often predicts efficacy against general-
ized seizures.

The adult animal data suggest that tiagabine may 
have efficacy in treating some types of both partial and 
generalized seizure disorders. Data are lacking on the 
effects of tiagabine on experimental seizure models in 
the developing brain of animals. This lack is unfortu-
nate, because some AEDs have age-dependent effects on 
seizures (30–32), but it is a common problem with all 
AEDs in early clinical usage.
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FIGURE 51-1

Chemical structure of tiagabine HCl.
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Tiagabine inhibits the uptake of gamma-aminobutyric acid 
(GABA) in the synaptic cleft.
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METABOLISM AND PHARMACOKINETICS

Animal studies have shown that tiagabine is rapidly 
absorbed and has a short half-life, 1 to 3 hours in rats and 
1 to 2 hours in dogs. Bioavailability is 25% in dogs and 
50–75% in rats (9). Tiagabine, like many other AEDs, is 
metabolized by the hepatic cytochrome P450 system (33). 
Metabolites include 5-oxotiagabine, which is excreted in 
the urine. Tiagabine is also conjugated with glucuronic 
acid, and metabolites are excreted via urine and via feces 
through the biliary system (9).

Studies in adult volunteers have shown that tiagabine 
is rapidly absorbed from the gastrointestinal tract and 
peak plasma concentrations (Cmax) are achieved within 
2 hours. Absorption is linear and independent of the 
dose (34). The rate—but not the extent of absorption—is 
reduced by food. The time to peak plasma concentration 
(Tmax) after a meal is more than twice that in the fasting 
state. However, although the Cmax is lower, the area under 
the curve (AUC) is similar (35). Clinical trials were there-
fore performed with patients taking tiagabine after a meal 
in order to reduce the possible peak-related toxicities 
without altering the total amount of drug absorbed.

In normal volunteers, the mean half-life of tiagabine 
is 4 to 9 hours and is independent of the dose. Because 
tiagabine is metabolized by the hepatic cytochrome P450 
system, it has a shorter half-life in patients taking drugs 
that induce that system, such as barbiturates, carbamaze-
pine, and phenytoin (36). When given in single or mul-
tiple doses, tiagabine does not appear to induce or inhibit 
hepatic microsomal enzyme systems (34, 37).

Tiagabine is extensively metabolized by the hepatic 
microsomal system because less than 2% is excreted 
unchanged in the urine (34, 38, 39). Radiolabeled 
[14C]tiagabine studies in human volunteers showed that 
25% was excreted in the urine and 63% in the feces (40). 
Tiagabine has no identified active metabolites (40). 
Tiagabine does not appear to accumulate appreciably in 
plasma with multiple dosing. In Phase I studies of healthy 
volunteers given daily doses over a 5-day period, both 
the peak levels and the AUC increased proportionally 
with the dose, as would be expected in a drug with lin-
ear pharmacokinetics (34). The therapeutic half-life, as 
distinct from the serum half-life, is unclear. Microdialy-
sis studies in patients given oral tiagabine demonstrated 
extracellular GABA levels in the brain that rise within 
about 1 hour after oral dosing (41) but are not sustained 
more than a few hours and do not completely correlate 
with the serum concentrations (40). The duration of the 
antiepileptic activity, which is presumably mediated by 
these changes in GABA, remains unclear and has not 
been precisely studied.

Tiagabine is heavily protein bound, although it does 
not appear either to displace or to be displaced by most 
of the commonly used drugs (42, 43). In-vitro studies 

showed that tiagabine is over 95% protein bound, pri-
marily to albumin and a glycoprotein.

Tiagabine pharmacokinetics were studied in patients 
with epilepsy who were taking tiagabine as add-on 
therapy. Steady state tiagabine doses ranged from 24 to 
80 mg/day in four divided doses (44). All patients were 
taking enzyme-inducing concomitant AEDs. Results 
showed that tiagabine had linear kinetics in this popu-
lation also, with a linear dose-response curve for peak 
concentrations (Cmax) as well as for the AUC. Although 
the kinetics remained linear, the half-life of tiagabine was 
shorter in patients taking AEDs that induce the cyto-
chrome P450 system than for those on monotherapy 
or taking noninducing AEDs (36). This difference is 
expected and explains why the dosages used in this study 
were considerably higher than those tolerated by healthy 
volunteers who were not taking enzyme-inducing AEDs. 
The dosage ranges in this study exceeded the upper doses 
of 56 mg/day used in the randomized clinical trials in the 
descriptions that follow.

The most important drug interaction of tiagabine 
to date is the effect of enzyme-inducing AEDs. The half-
life of tiagabine was shorter and the AUC smaller for the 
same dose in patients receiving enzyme-inducing AEDs 
(carbamazepine, phenytoin, phenobarbital, primidone) 
than in those on tiagabine monotherapy (9, 36, 45). The 
pharmacokinetics of tiagabine in patients taking an AED 
that was not enzyme inducing, such as valproate, were 
similar to those in healthy volunteers. Dosages of tiagabine 
need to be substantially higher in patients taking concur-
rent enzyme-inducing AEDs than with monotherapy or 
noninducing AEDs. Similar guidelines have been sug-
gested for the recently approved AED lamotrigine (46, 47). 
Although the half-life of tiagabine is shortened by the 
concurrent use of enzyme-inducing AEDs, it is not pro-
longed by the concurrent use of valproate, as is the case 
with lamotrigine and phenobarbital (46–49).

Tiagabine has little effect on other AEDs. Tiagabine 
does not appear to affect the kinetics of carbamazepine or 
phenytoin (42). However, tiagabine did reduce the peak 
concentration and the AUC of valproate by approximately 
10% (49). The reason for this reduction is expected to be of 
little or no clinical importance. Because tiagabine is metabo-
lized by the 3A isoform subfamily of the hepatic cytochrome 
P450 system (33), there is potential for interaction with 
other drugs with similar metabolism, including other AEDs, 
cimetidine, theophylline, warfarin, and digoxin. However, 
no clinically significant interactions have been found between 
tiagabine and these drugs (43). Surprisingly, a recent study 
showed no interaction with erythromycin (50).

Oral contraceptives are also metabolized by the 
cytochrome P450 system. In one study, tiagabine, given 
at a dose of 8 mg/day as monotherapy to healthy young 
women, did not affect the metabolism of oral contracep-
tives (37, 43). Higher doses of tiagabine would not be 
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expected to have an interaction because tiagabine is nei-
ther an inducer nor an inhibitor of the cytochrome P450 
system, but data are lacking to confirm this impression.

Tiagabine pharmacokinetics behave predictably in 
hepatic and renal disease (51, 52). There is no effect from 
renal impairment, and there is reduced clearance and a 
longer half-life with hepatic impairment. Patients with 
hepatic disease require lower doses to attain similar con-
centrations than healthy subjects.

Single-dose tiagabine pharmacokinetics have been 
studied in children (20). In this study, 25 children ages 
3–10 with complex partial seizures who were taking one 
AED were given a single dose of 0.1 mg/kg of tiagabine, 
and plasma concentrations were checked over the next 
24 hours. The mean half-life of tiagabine was 3.2 hours 
in the 17 children on enzyme-inducing concomitant 
AEDs (carbamazepine or phenytoin) and 5.7 hours for 
the 8 children on valproate (noninducing AED). This 
result is comparable to the adult data. Clearance rates, 
peak plasma concentrations, and AUC of tiagabine were 
affected by the concurrent AEDs in a manner similar to 
adults. The clearance of tiagabine was two times higher 
in children than in noninduced adults with epilepsy when 
the rate was adjusted for body weight. However, when 
adjusted according to body surface area, clearance rates 
of tiagabine in children were 1.5 times higher than in 
noninduced adults with epilepsy. The results indicate that 
tiagabine pharmacokinetics in children ages 2 and older 
are similar to those in adults, including the effects of 
concurrent AEDs. Infants have not been studied.

The initial studies of tiagabine were done in patients 
who were also on other AEDs, primarily enzyme-inducing 
ones such as carbamazepine. Subsequently, it has been used 
in conjunction with AEDs that are not enzyme inducing, 
as well as in monotherapy. The effect of enzyme-inducing 
AEDs is clearly much stronger than had been appreci-
ated. It appears that the dose of tiagabine for someone 
who is not on enzyme-inducing AEDs is less than half 
that for someone who is. Failure to appreciate this dif-
ference when tiagabine is used in conjunction with the 
newer AEDs that are not enzyme inducers can result in 
significant toxicity.

DATA ON HUMAN ADULT EFFICACY

Add-On Therapy in Adults with Partial Seizures

The clinical data regarding the efficacy of tiagabine as 
add-on therapy come from five placebo-controlled clini-
cal trials in patients with intractable partial seizures. 
In all five trials, tiagabine was statistically significantly 
more effective than placebo in the treatment of one or 
more partial seizure types (53). Two of the studies were 
crossover and three were parallel group. Most of the 
patients were adults ages 18–75; however, adolescents 

starting at age 12 were also included. Thus, efficacy data 
are available in this age group, although in a relatively 
small number of patients. Pediatric trials in younger chil-
dren are in progress, and the available data are discussed 
separately.

The first Phase II multicenter study was a cross-
over design performed in Europe with 94 patients ages 
18–65 with refractory complex partial seizures (14). The 
study had an “enrichment” design. Patients started with 
a dose of 8 mg/day of tiagabine and titrated the dose to 
either reduce seizures sufficiently or produce unaccept-
able adverse events with a maximum dose of 52 mg/day. 
Patients who improved in this phase were then enrolled 
in a double-blind trial. Of the 94 patients enrolled, 
20 discontinued participation during the open-label 
phase, and another 28 failed to qualify for the double-
blind phase for lack of sufficient reduction in seizures. 
The average total daily dose of tiagabine in the 42 patients 
in the double-blind phase was 33 mg/day, and most were 
taking a concomitant enzyme-inducing AED. Even with 
this relatively small sample size, the frequency of complex 
partial seizures only and partial seizures with second-
ary generalization was significantly reduced when the 
tiagabine and placebo phases were compared. Details of 
the second crossover trial have not yet been published, 
but the results were similar to the first study (53).

The three randomized Phase III multicenter, placebo-
controlled, double-blind, parallel-group studies in adults 
included two studies in the United States and one in 
Europe. All of these studies showed that tiagabine was 
significantly superior to placebo as adjunctive treatment 
of partial seizures.

The first U.S. study (15) was a dose-response study, 
with patients receiving placebo, or 16, 32 or 56 mg/day 
of tiagabine in addition to their regular stable AED regi-
men. Tiagabine was significantly better than placebo at 
both 32 and 56 mg for median change from baseline and 
proportion of patients achieving at least 50% reduction 
in complex partial seizures (in both, P � 0.03). Tiagabine 
was effective for both median change from baseline and 
proportion with �50% reduction in the groups receiving 
16, 32, and 56 mg for simple partial seizures.

Partial seizures with secondary generalization were 
reduced compared to placebo, but this reduction did not 
reach significance, possibly because of fewer patients and 
numbers of seizures. A clear dose response was present 
in this study. The minimum effective dose of tiagabine 
necessary to achieve a reduction of 50% in complex par-
tial seizure frequency was 32 mg/day, with the group 
at 56 mg/day showing a better response. Doses greater 
than 56 mg were not studied in this trial. Note that the 
patients in this study and in the other two randomized 
studies were all taking one to three concurrent AEDs, 
at least one of which was required to be an inducer of 
the cytochrome P450 enzyme system. Thus, as discussed 
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in the metabolism section, the doses required in mono-
therapy, or with a single concomitant noninducer such 
as valproate, are substantially smaller than when used 
together with an enzyme-inducing AED such as carbam-
azepine. The patients in this study were, by and large, a 
very refractory group with a median duration of epilepsy 
of 20 years, who had failed to respond to a median of 
seven AEDs prior to study entry.

The second U.S. multicenter, randomized, double-
blind, placebo-controlled parallel-group trial compared 
placebo to 32 mg/day of tiagabine as add-on therapy 
in 318 patients (16). In this dose-frequency trial, the 
tiagabine patients received a total of 32 mg/day as 16 mg 
twice a day or as 8 mg four times a day. Both groups 
were superior to placebo (P � 0.001) in the number 
of patients achieving a reduction greater than 50% in 
complex partial seizures. Both groups were also superior 
to placebo for simple partial seizures, for either reduction 
from baseline or proportion, with a reduction in seizures 
of at least 50%. Taken together with the prior study, the 
data suggested that the add-on dose of 32 mg/day was 
likely to be in the low therapeutic range for enzyme-
induced patients.

The multicenter European double-blind, parallel-
group study was the only adjunctive trial to evaluate 
tiagabine given three times daily (TID) (54). Tiagabine was 
given as 10 mg TID or 8 mg TID if a dose of 30 mg/day 
was not tolerated. There were 154 patients randomized 
to tiagabine (n 	 77) or placebo (n 	 77). The tiagabine-
treated group had a significant reduction in both the num-
ber of complex and simple partial seizures.

Tiagabine consistently demonstrated efficacy against 
partial seizures in these trials, but the dose ranges cho-
sen were probably too low in enzyme-induced patients 
to establish its upper therapeutic range and maximum 
efficacy. These trials included 67 adolescents ages 12–18 
and therefore can be regarded as demonstrating efficacy 
and safety for this age group as well.

These placebo-controlled trials showed that 
tiagabine is superior to placebo. The challenge for the 
practicing clinician is to determine the role of a new AED 
in the treatment of patients for whom there are a number 
of other AEDs to consider. Tiagabine has been compared 
to add-on carbamazepine or phenytoin in a double-blind 
multicenter study. Placebo and active drug were given in 
a double-dummy design of patients on baseline carba-
mazepine receiving add-on tiagabine or phenytoin, or 
patients on baseline phenytoin receiving add-on tiagabine 
or carbamazepine. Patients were allowed to titrate to 
their best-tolerated dose within a wide range to mimic 
clinical practice.

Preliminary results of the patients taking baseline 
carbamazepine were recently reported (55). There was 
no difference in efficacy between the tiagabine group 
(n 	 106) and the phenytoin group (n 	 100) for any 

partial seizure type in the intent-to-treat analysis. How-
ever, phenytoin patients had greater discontinuations for 
adverse events (17%) than those on tiagabine (10%). 
Overall discontinuation rates also favored tiagabine 
(31% vs. 22%). However, further studies are needed 
before the precise role of tiagabine in treating refractory 
partial seizures can be determined.

Monotherapy Trials

There have been three studies of tiagabine monotherapy 
in adults with partial seizures (56, 57). The first was a 
double-blind randomized pilot study of 11 patients who 
had their AEDs discontinued while they were in the hospi-
tal undergoing monitoring for presurgical evaluation (57). 
Patients receiving tiagabine had fewer seizures than those 
receiving placebo during the treatment period. In the sec-
ond study (56), which was an open-label, dose-ranging 
study, 19 of 31 patients (61%) successfully converted to 
tiagabine monotherapy. In the third study, which included 
198 randomized patients with partial seizures, patients 
were randomized to daily doses of tiagabine as either 
6 or 36 mg/day. Baseline AEDs were discontinued after 
tiagabine was added on. Seizure frequency was reduced 
in both the low- and high-dose groups, with the high-dose 
group having a significantly higher proportion of patients 
who experienced a reduction in seizure frequency that 
was greater than 50% (56). The following open-label 
pediatric data have also been promising (22).

Human Pediatric Efficacy Data

In a open-label pilot study (22), 25 children with refrac-
tory complex partial seizures from a single-dose phar-
macokinetics study (20) were enrolled in an open-label, 
long-term study. Children were initially taking a dose of 
0.1 mg/kg/day of tiagabine. They were also continuing 
a baseline concomitant AED. The dosage was increased 
every two weeks by 0.1 mg/kg/day until clinical efficacy 
or toxicity was reached. The results of this study have 
been encouraging for the use of tiagabine in children. 
As of January 1996, 23 of 25 children were still tak-
ing tiagabine. Of 21 patients treated for greater than 
6 months, 19 (90%) had a reduction in the frequency 
of complex partial seizures that was greater than 50% 
compared with historical seizure rates. These children had 
previously uncontrolled partial seizures. For these chil-
dren, the median 4-week historical baseline rate for com-
plex partial seizures was 5 (range 1–90) and mean 21.1. 
Conversion to tiagabine monotherapy had been possible 
for 16 of the children, and they had been seizure-free at 
least two months on a mean dose of 0.31 mg/kg/day.

The other pediatric study was a dose-ranging, mul-
ticenter, add-on study, conducted at three European sites, 
of 52 children ages 2–15 with epilepsy with a variety of 
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seizure types and epilepsy syndromes refractory to other 
AEDs (21). The results are unfortunately difficult to inter-
pret because of the heterogeneous nature of the epilepsy 
disorders in the study. Twenty-two of the children had 
generalized epilepsies, including Lennox-Gastaut syn-
drome; others had myoclonic seizure disorders, infantile 
spasms, or childhood absence. Before entry into the trial, 
the children had been unsuccessfully tried on 3–16 other 
AEDs, including carbamazepine, valproate, and vigaba-
trin for more than 80% of them.

This study differed from the U.S. open-label study. 
After a placebo lead-in period of three weeks, tiagabine was 
given at more rapid escalating doses than in the U.S. study 
of 0.25 mg/kg/day up to 1.5 mg/kg/day. Dose escalation 
in the U.S. study was by 0.1 mg/kg/day at no faster than 
weekly intervals. Patients who completed this phase either 
entered a long-term extension study or were withdrawn 
from tiagabine. Of the 53 patients enrolled, 47 entered the 
tiagabine-dosing phase. Of these, 20 completed the trial 
and 20 withdrew for lack of efficacy (n 	 16), adverse 
events (n 	 3), or other reasons (n 	 1). Seven patients 
were still in the dosing phase when the preliminary report 
was published (21). Seventeen of 20 patients completing 
the study entered the long-term extension.

The drug was generally well tolerated (see the 
following discussion of safety). The study showed no 
improvement for children with generalized epilepsy, but 
those with partial seizures improved at doses ranging 
from 0.37 to 1.25 mg/kg/day. However, the results of 
this small-scale trial in a very refractory population did 
not demonstrate a statistically significant effect. These 
results suggest even more strongly that a controlled trial 
is needed to determine the place of tiagabine in treat-
ing children with partial seizures. The results from the 
open-label U.S. experience are encouraging, but they need 
further confirmation.

SAFETY

Animal Safety Data

In the preclinical animal studies of tiagabine, there was a 
large therapeutic window because doses producing seda-
tion were 2.5- to 30-folder greater than the doses treat-
ing seizures (58). Other studies in animals have shown 
no evidence of abnormalities relevant to humans or of 
carcinogenicity, mutagenicity, or teratogenicity (9).

Adult Data

Phase I studies in healthy volunteers showed that multiple 
doses of tiagabine were well tolerated up to 10 mg/day (39) 
and that side effects greater than those with placebo were 
noted when the initial dose reached 12 mg/day (59). The side 
effects included difficulty concentrating, lightheadedness, 

impaired visual perception, and confusion. The side 
effects increased at higher initial doses. These doses may 
be lower than what might be tolerated by patients taking 
enzyme-inducing concomitant AEDs, in whom the clear-
ance of tiagabine is greater.

Clinical trials of tiagabine therapy in patients with 
epilepsy have shown an adverse-events profile that was 
favorable and comparable to many of the current AEDs. 
The most common adverse events involved the central 
nervous system and were usually mild to moderate and 
transient. In the U.S. multicenter dose-response trial, 
adverse events sufficient to require discontinuation of 
the drug occurred twice as often in the groups receiving 
32 mg/day (15%) and 56 mg/day (16%) of tiagabine as 
in the groups receiving placebo (8%) or 16 mg (7%) of 
tiagabine (15). The side effects with significantly higher 
incidence in tiagabine-treated patients were dizziness, 
tremor, and difficulty concentrating or mental lethargy. 
Adverse events in the second U.S. study, which used a 
dosage regimen of 32 mg/day (either twice or four times 
per day), were similar to those in the first study but 
milder (16). Again, the percentage of patients withdrawn 
from the study as a result of adverse events was higher 
in the combined tiagabine groups (10%) than in the pla-
cebo group (7%). Nervousness, difficulty with immediate 
recall (amnesia), and emotional lability were other events 
of the central nervous system (CNS) that were signifi-
cantly greater with tiagabine. Abdominal pain, vomiting, 
and other pain were also significantly increased, but they 
were usually not attributed to tiagabine. Myalgia was 
increased with placebo compared to tiagabine given four 
times per day.

Three monotherapy studies again showed that CNS-
related adverse events were the most common (56). These 
studies may have used higher doses of tiagabine than 
necessary for clinical practice. One study was a small, 
inpatient presurgical population; one was an open-label 
pilot study titrating to the maximally tolerated dose; the 
third was a controlled high- vs. low-dose conversion-to-
monotherapy study. The conversion study enabled an 
evaluation of dose-related side effects, in which dizzi-
ness, trouble concentrating, nervousness, and paresthe-
sia were significantly increased in the high-dose group 
(36 mg/day). A key finding for safety in the open-label 
pilot study was that patients converting to monotherapy 
from enzyme-inducing AEDs demonstrated deinduction 
of tiagabine clearance. The dose of tiagabine may need 
to be reduced when monotherapy is reached because 
tiagabine concentrations rise without an increase in dose 
when the inducing AED is discontinued. This does not 
occur if the concomitant AED is a single noninducer such 
as valproate.

Neuropsychologic testing has been performed in 
add-on studies and in the controlled conversion-to-
monotherapy study (18, 19, 60). Compared with placebo, 
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tiagabine had no adverse effects on neuropsychologic test 
scores in both an add-on Finnish study using 30 mg/day (18) 
and in the multicenter U.S. dose-response study using 
16, 32, and 56 mg/day (19). The multicenter U.S. high- 
vs. low-dose conversion to monotherapy study showed 
results related to both dose and whether monotherapy 
was attained (60). Patients achieving monotherapy 
improved in mood in the low-dose group, whereas abili-
ties improved in the high-dose group. There was worse 
performance for mood in the high-dose group if mono-
therapy was not reached. The reasons for improvement 
did not correlate with control of seizures and may have 
been from benefits of withdrawing the baseline concomi-
tant AED, better tolerance of tiagabine, or both.

Long-term safety data from the open-label studies 
have also been reassuring. There have been no clinically 
relevant changes in laboratory values for hematologi-
cal or hepatic function. The most commonly reported 
adverse events were dizziness, somnolence, accidental 
injury, asthenia (lack of energy), and headache, which 
are similar to those in the randomized studies (17). 
Accidental injury and headache are common in popu-
lations with severe epilepsy. These adverse events were 
usually mild and transient and did not require discon-
tinuation of tiagabine therapy. In the long-term open-
label clinical trials of tiagabine in the United States, 220 
of 1437 patients (15%) have discontinued therapy for 
adverse events (61).

Recently, loss in the peripheral visual field has been 
reported in patients treated with vigabatrin (62). Theoret-
ically, this is a concern for all GABAergic drugs, including 
tiagabine. However, the mechanism of action of tiagabine 
is different than that of vigabatrin. Tiagabine does not 
cause total GABA levels in the brain to rise and is only 
associated with a transient rise in extracellular GABA 
concentrations (41). Review of the database on tiagabine 
safety and a study of visual fields by Novo Nordisk have 
found no comparable visual abnormalities that are attrib-
utable to tiagabine therapy to date (K Sommerville, MD, 
personal communication).

Safety data have also been published on tiagabine 
overdose (63, 64). There were 22 overdoses in clinical 
trials as of the end of 1996, with the highest single dose 
of 800 mg. The most common symptoms were ataxia, 
confusion, somnolence, agitation, hostility, speech diffi-
culty, weakness, impaired consciousness, and myoclonus. 
All patients completely recovered. One adolescent had 
generalized tonic-clonic status epilepticus from a 400-mg 
overdose but recovered after treatment with phenobar-
bital. Only supportive care is generally recommended. 
These findings suggest that the margin of safety with 
tiagabine is large.

The experience in pregnancy is limited to 21 cases 
from clinical trials as of October 1996 (65): 9 fetuses 
were carried to term; 8 were healthy, and 1 had a hip 

displacement attributed to a breech presentation. There 
were 5 elective abortions, 4 women had miscarriages, 
1 had a blighted ovum, and another had a salpingectomy 
for an ectopic pregnancy. The remaining patient drowned 
in a bathtub during a seizure after discontinuing tiagabine 
three months earlier. Postmortem examination showed a 
healthy fetus of 5 months.

DATA ON PEDIATRIC SAFETY

The safety data in children have also been reassuring. 
Children in the U.S. open-label pharmacokinetics trial 
tolerated the drug well in single doses of 0.1 mg/kg (20). 
Nine of 25 (36%) children reported adverse events, with 
somnolence being the most common (n 	 7). One other 
patient reported a headache, and another had pain at 
the site of the heparin lock used for sampling blood. 
All adverse events were mild in severity and resolved 
without treatment. These children have also tolerated 
tiagabine very well in a subsequent open-label, long-term 
study (22). As of January 1996, 23 children were taking 
tiagabine on an ongoing basis, without discontinuation 
for adverse events.

The data from the European pediatric study that 
used higher doses and a more rapid titration were also 
comparable to adult data (20). Three of 47 children were 
withdrawn from tiagabine for adverse events, includ-
ing ataxia (n 	 2), somnolence (n 	 1), and depression 
(n 	 1). Two additional children had been hospitalized, 
but both had complete recoveries and were discharged on 
the same dose of tiagabine. The common adverse events 
were CNS related and were similar to those in adults. 
Most were mild to moderate in severity and resolved 
without requiring discontinuation of the drug.

TIAGABINE AND STATUS EPILEPTICUS

Soon after the introduction of tiagabine into clinical use, 
there were reports of possible nonconvulsive status epi-
lepticus associated with tiagabine therapy (66, 67). One 
report described two patients with confusion and reduced 
consciousness and simultaneous generalized spike wave 
discharges on electroencephalogram (EEG) (67). The 
authors suggested that this reaction may be from GABAB
receptor agonism and that frontal lobe foci (present in 
both patients) may be a risk factor. The reports, however, 
did not confirm that the patients had nonconvulsive sta-
tus epilepticus or that tiagabine was the cause. The first 
patient improved slightly after intravenous diazepam and 
then spontaneously improved 3 hours later. The second 
patient deteriorated 5 days after a reduction in tiagabine 
dose of 25%, suggesting that the possible nonconvulsive 
status was precipitated by a dose reduction.
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An additional 13 cases of possible spike-wave 
discharges and impaired mental status associated with 
tiagabine therapy have been intensively reviewed (68). 
The medical histories and pretreatment EEGs were 
located and reviewed by an advisory panel. Eight of the 
cases were thought to have preexisting generalized spike-
wave abnormalities that worsened with poorly tolerated 
increases in tiagabine dose. These patients improved with 
dose reductions and usually continued on tiagabine at 
lower doses. Three patients had nonconvulsive status 
epilepticus that could be attributed to their underlying 
condition. The remaining two patients either improved 
with a higher tiagabine dose or did not have spike-wave 
discharges. The panel concluded that the evidence so far 
is that, in the majority of reported cases, tiagabine did 
not cause the spike-wave discharges, but rather exac-
erbated preexisting spike-wave patterns in association 
with poorly tolerated doses. At high doses, a confusional 
state occurs. However, a few of the cases clearly were 
nonconvulsive status.

With the wider use of tiagabine, as well as its off-
label use in psychiatric conditions in patients with no 
prior history of seizure, additional safety data have 
accumulated (61, 69). Koepp et al. (69) retrospectively 
reviewed the records of patients with intractable seizures 
treated with tiagabine and compared them to those not 
treated with tiagabine. They found that 7 of 90 subjects 
(8%) treated with tiagabine had electroclinically con-
firmed nonconvulsive status epilepticus compared with 
32 of 1165 patients (3%) who were not treated with 
tiagabine. Although this review was retrospective and 
may have included ascertainment bias, the results are of 
concern. More recently, there have been reports of frank 
convulsions in both children and adults who were being 
prescribed tiagabine off label for psychiatric conditions 
not associated with seizures, such as anxiety. Although 
most cases were in the context of a high dosage or a very 
rapid titration and other signs of toxicity, a few cases 

occurred in a low dose in patients without clear risk fac-
tors for epilepsy. This has led to a change in the label 
to reflect that convulsions can be a rare but serious side 
effect of tiagabine (61).

CONCLUSIONS

Results in multiple controlled trials have consistently 
shown tiagabine to be an effective AED for patients with 
partial seizures. The profile of side effects appears to be 
favorable. Pediatric data remain limited. The data sug-
gest that tiagabine is effective in partial seizure disorders 
in adults and children. At this point ,it is fairly clear that 
tiagabine should not be used in generalized seizure dis-
orders because of its potential to exacerbate generalized 
spike-wave discharges in both primary and secondarily 
generalized epilepsies. Tiagabine has great theoretical 
appeal as a “designer drug” that enhances the availability 
of GABA at the postsynaptic membrane without interfer-
ing with overall GABA metabolism and without altering 
GABA levels in the brain. However, as with other GABA 
agents, the results to date have been mixed. Tiagabine has 
a number of favorable characteristics, including a spec-
trum of efficacy in animal models and a relative lack of 
sedation or changes in neuropsychologic testing, which 
make it an exciting new drug. However, this is offset by a 
tendency at higher doses to exacerbate seizures sometimes 
and by the potential to actually trigger seizures in select 
patients. Unlike many other AEDs whose typical clinical 
usage is to push to efficacy or clinical toxicity, tiagabine 
is a drug that, with rare exceptions, should not be used at 
doses exceeding those recommended. Although it is too 
early to know the precise role of tiagabine, physicians 
caring for patients with seizures can add tiagabine as one 
of the therapeutic options in selected patients with partial 
seizures. The availability of multiple new agents improves 
our ability to care for children and adults with seizures.
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Topiramate

opiramate (TPM) is one of the 
second-generation antiepileptic 
medications approved in many 
countries during the 1990s. It has 

efficacy against a broad spectrum of seizure types, is effec-
tive as monotherapy or adjunctive therapy, and is used 
extensively in both adults and children. Other favorable 
characteristics include linear pharmacokinetics, few drug-
drug interactions, and a well-described adverse-events 
profile, with recognizable and reversible adverse events. 
Overall, TPM has emerged as a valuable antiepileptic drug 
(AED) for a variety of pediatric and adult epilepsies.

CHEMISTRY, ANIMAL PHARMACOLOGY,
AND MECHANISM OF ACTION

Chemistry

Topiramate, 2,3:4,5-bis-O-(1-methylethylidene)-beta-
D-fructopyranose sulfamate, a sulfamate-substituted 
monosaccharide derived from the D-enantiomer of fruc-
tose, is structurally distinct from other anticonvulsant 
drugs (Figure 52-1) (1, 2). TPM is a white crystalline 
powder with a molecular weight of 339.37; it is soluble 
in water and organic solvents at physiologic pH (3); and 
it has a pKa of 8.7 at 25�C (4).

Tracy A. Glauser

Animal Pharmacology

Efficacy

TPM was initially tested in two traditional animal mod-
els of epilepsy, the maximal electroshock test (MES) 
and the pentylenetetrazol (PTZ) seizure test. The MES 
test has been hypothesized to identify agents effective 
against partial-onset and generalized tonic-clonic (GTC) 
seizures and those that have the capacity to prevent 
the spread of seizures (5, 6). In rats and mice, TPM 
blocked MES seizures with a potency similar to that of 
phenytoin (PHT), carbamazepine (CBZ), phenobarbital 
(PB), and acetazolamide (1). In the subcutaneous PTZ 
test, a chemically induced seizure model hypothesized 
to identify agents that raise the seizure threshold, TPM, 
like PHT, was either ineffective or only weakly effec-
tive (1). This activity profile suggests that TPM exerts its 
anticonvulsant effects by blocking the spread of seizures 
rather than by raising the seizure threshold. However, 
TPM did increase seizure threshold in response to an 
intravenous infusion of PTZ in mice (7), suggesting that 
TPM possessed an even broader spectrum of action than 
was originally thought.

TPM was effective in blocking seizures in four other
rodent models of epilepsy. In rats, TPM inhibited 
amygdala-kindled seizures, indicating a potential for 
activity against complex partial seizures (5, 8). In the 

T
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DBA/2 mouse, a strain genetically prone to seizures, 
TPM blocked sound-induced clonic seizures when 
administered before the auditory stimulus (9). In the 
spontaneously epileptic rat (SER), a hereditary model 
of epilepsy, TPM inhibited tonic and absence-like sei-
zures (9). TPM was also effective in a rat model of post-
traumatic epilepsy (10).

TPM’s profile of activity in experimental models of 
epilepsy suggests a multifactorial mechanism of action. 
The MES test in rats was used to study the development 
of tolerance to the anticonvulsant effects of TPM. No 
tolerance was noted after 14 days of TPM, administered 
at nearly twice the effective dose (ED50) (1, 11).

Toxicity

Acute studies. TPM was well tolerated follow-
ing acute administration in mice, rats, and dogs (4, 12). 
The estimated LD50 after oral TPM administration in 
mice and rats ranged from 2338 to 3745 mg/kg. Dogs 
were more sensitive than mice or rats to the acute toxic 
effects of TPM, which were primarily central nervous 
system (CNS) related.

Multiple-dose studies. Multiple-dose (3- and 
12-month) toxicity studies were performed in rats and 
dogs. In these studies, reversible gastric mucosal hyper-
plasia changes were seen that were similar to those 
reported with carbonic anhydrase inhibitors (13–15). No 
evidence of dysplasia, aplasia, or any change suggesting 
tumor formation was apparent. In studies of rats and 
mice, formation of urinary microcalculi, associated with 
TPM use, was also consistent with carbonic anhydrase 
inhibition (16).

Reproductive studies. Fertility was not affected by 
TPM in male or female rats (R. Reife, personal commu-
nication), and TPM did not affect pup survival at doses 
up to 100 mg/kg/day (4).

Teratology studies. In teratology studies, TPM 
caused right-sided ectrodactyly (congenital absence of 

all or part of a digit) in rats and rib and vertebral malfor-
mations in rabbits (R. Reife, personal communication). 
These effects of TPM are similar to those reported with 
acetazolamide and other carbonic anhydrase inhibitors 
(17–19).

Protective index. TPM was selected for develop-
ment as an AED, based on its high protective index (PI) 
and its potency and duration of action in tests in rodents 
(1, 2). The PI can be determined from the ratio of the 
median toxic dose (TD50) from a neurotoxicity test, such 
as the rotarod test or the loss of righting reflex test, to 
the MES ED50. A higher, more advantageous ratio was 
obtained in rats and mice with TPM than with PHT, 
CBZ, or PB. For example, with oral doses, the PI for 
TPM in rats was greater than 116, whereas the values 
for PB, CBZ, and PHT were 3.5, 20.8, and greater than 
60.8, respectively (1).

Mechanisms of Action

In vitro, TPM demonstrates an ability to modulate ionic 
channels, enhance inhibitory neurotransmission, and 
reduce excitatory transmission processes involved in the 
generation of seizures. Preclinical studies indicate that 
TPM has at least six mechanisms of action that may con-
tribute to its anticonvulsant activity.

 1. Modulation of voltage-dependent sodium channels:
In cultured rat hippocampal neurons displaying 
spontaneous activity, micromolar concentrations of 
TPM reduced the duration and frequency of action 
potentials associated with sustained repetitive firing 
(20). TPM also blocked action potentials induced 
by depolarizing electric currents. (20).

 2. Modulation of glutamate-mediation neurotrans-
mission: TPM produced concentration-dependent 
decreases in kainate-evoked inward currents (excit-
atory currents) in cultured hippocampal neurons 
without affecting the activity of glutamate recep-
tors of the N-methyl-D-aspartate (NMDA) subtype 
(those modulated by benzodiazepines) (20, 21). In 
cultured rat amygdalar neurons, TPM postsynap-
tically antagonizes the action of kainate receptors 
of the GluR5 subtype (22). TPM protects against 
seizures in mice induced by the convulsant substance 
ATPA, a GluR5 kainate receptor agonist (23). TPM 
has no effect on the NMDA-mediated glutamate 
receptor type (20).

 3. Promotion of gamma-aminobutyric acid (GABA) 
activity: In cultured murine cerebellar granule cells, 
micromolar concentrations of TPM, in combination 
with GABA, augmented GABA-stimulated chloride 
flux into chloride-depleted neurons (i.e., enhanced 
inhibitory neurotransmission) compared with 

FIGURE 52-1

Topiramate; 2,3:4,5-bis-O-(1-methylethylidene)-beta-
fructopyranose sulfamate.
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GABA alone (7, 24). The effect of TPM on GABAA
receptors was not blocked by the benzodiazepine 
antagonist flumazenil, suggesting that a novel or 
nonbenzodiazepine modulatory site may be involved 
(7, 25). As measured by magnetic resonance spec-
troscopy in vivo, TPM increases GABA content in 
the human brain (26, 27).

 4. Enhancement of potassium channel conduction: In 
rat neurons, TPM increases potassium channel con-
ductance (28).

 5. Modulation of voltage-dependent calcium channels:
In rat neurons, TPM inhibits L-type high voltage-
activated calcium channels, possibly through a sec-
ond messenger. (29)

 6. Carbonic anhydrase inhibition: The sulfamate moi-
ety of TPM is structurally similar to that of the car-
bonic anhydrase inhibitor acetazolamide. However, 
the potency of TPM as an inhibitor of erythrocyte 
carbonic anhydrase is much lower than that of acet-
azolamide (1). In vitro, TPM does not appear to 
exert an anticonvulsant effect through inhibition of 
carbonic anhydrase (1).

This broad activity profile in vitro suggests that TPM 
may be effective against a number of seizure types.

BIOTRANSFORMATION, 
PHARMACOKINETICS, AND 
INTERACTIONS IN HUMANS

Absorption and Distribution

In adults and children, TPM has linear pharmacokinetics 
with low intersubject variability. In adult studies, TPM 
is rapidly absorbed from the gastrointestinal tract after 
administration of single oral doses ranging from 100 to 
1,200 mg (30). Its estimated bioavailability is approxi-
mately 80% (31, 32); its absorption is not significantly 
affected by food (30).

The volume of distribution of TPM ranges from 0.6 to 
0.8 L/kg, which is consistent with a distribution in total body 
water (33). For most patients, 90% of the maximal plasma 
concentration (Cmax) is achieved within 2 hours after oral 
administration (30), although this can range from 1.4 to
4.3 hours (30), depending on the dose. Mean values for 
Cmax and area under the concentration-time curve (AUC), 
which are reflections of drug absorption and clearance, 
increase linearly with respect to dose in adults (34). TPM 
is not highly bound to plasma proteins (9%–17%) (35).

Metabolism and Elimination

In monotherapy, TPM is not extensively metabolized 
(34). Six trace metabolites of TPM were identified that 

represented less than 5% of the sample radioactivity (36). 
The metabolites, formed by hydroxylation, hydrolysis, 
and glucuronidation, do not display significant antiepi-
leptic activity (34, 36). In adults, the elimination half-life 
(t1/2) values for TPM when used as monotherapy range 
from 19 to 25 hours (37).

Renal excretion is a major route of TPM elimination 
(36). In adults, within a dose range of 200 to 1,200 mg, 
at least 51% of the dose is estimated to be excreted by 
the kidneys (30). Because TPM’s renal clearance is much 
lower than its glomerular filtration rate (30), it has been 
proposed that TPM may undergo tubular reabsorption. 
In adults, the t1/2 values for TPM, calculated from plasma 
(mean, 21.5 hours) and urine (mean, 18.5 hours) data, 
appear to be independent of dose (30). In patients with 
renal failure (creatinine clearance �30 mL/min/1.73 
m2), an approximately twofold increase in AUC and t1/2
occurs (38). Therefore, adults with renal impairment may 
require reduced TPM dosages. During hemodialysis, TPM 
is cleared from plasma roughly nine times faster than in 
patients with normal renal function, implying that patients 
may need additional doses after hemodialysis (39).

Information on TPM pharmacokinetics in children 
and adolescents was determined from a single-center, open-
label outpatient trial of 18 patients with epilepsy (12, 40). 
Patients ages 4–17 years received an oral TPM dose of up 
to 9 mg/kg/day in addition to their standard regimen of 
AEDs. As in adults, pharmacokinetics were linear in chil-
dren, and plasma clearance was not affected by TPM dose. 
Compared with adults, clearance values were 54% greater 
in children when TPM was administered in the presence of 
enzyme-inducing drugs and 44% greater in the absence of 
enzyme-inducing drugs (40). Because overall TPM clear-
ance was approximately 50% greater in children than in 
adults, for any given dose based on weight (mg/kg), steady 
state TPM plasma concentrations would be predicted to be 
approximately 33% lower in children than in adults.

Two studies have examined TPM pharmacokinetics in 
young children. TPM’s mean plasma clearance, in a study 
of five children ages 2–2.5 years, was slightly higher than 
that reported for children and adolescents; the plasma clear-
ance was higher in infants on concomitant enzyme-inducing 
AEDs than in those on nonenzyme-inducing concomitant 
AEDs (41). In another study of 22 children (ages 6 months 
to 4 years), TPM’s oral clearance was significantly higher 
in infants and young children on concomitant enzyme-
inducing AEDs (85.4 � 34.0 mL/h/kg) compared with 
those taking valproic acid (VPA) (49.6 � 13.6 mL/h/kg) or 
nonenzyme-inducing AEDs (46.5 � 12.8 mL/h/kg) (42).

Drug Interactions

TPM and AEDs

In general, administration of TPM does not have 
major effects on the plasma concentrations of other 
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AEDs. TPM has no effect on most cytochrome P450 iso-
zymes in in-vitro studies (43, 44). There were no TPM 
effects detected on concomitant drug levels in add-on 
clinical trials (45, 46). In one study, PHT levels rose 30% 
to 50% in three patients when TPM was added at a dose 
of 400–800 mg/day; these patients had baseline PHT lev-
els of 15 �g/mL or higher, and it is proposed that TPM 
probably inhibited CYP2C19, the secondary enzyme for 
PHT metabolism (37).

Effects on other antiepilepsy drugs are negligible 
(43, 44, 47). When TPM was administered concomitantly 
with CBZ, there were no significant changes in total 
or unbound CBZ plasma concentrations (47). Similar 
results were found for lamotrigine (48). Although TPM 
has little net influence on VPA clearance, it can shift the 
proportions of several VPA metabolic pathways, but the 
clinical significance of this is uncertain. An increase in a 
potentially toxic metabolite, 4-ene-valproate, has been 
proposed as a factor in the rare cases of hyperammonemic 
encephalopathy observed with combination TPM-VPA 
therapy (49). TPM had no effect on plasma PB concen-
trations (50). No studies are available on the effects of 
TPM on felbamate, gabapentin, or tiagabine.

In contrast, studies have shown that administration 
of concomitant AEDs may affect plasma concentrations of 
TPM. Conversion of patients to TPM monotherapy from 
concomitant therapy with TPM and PHT (an enzyme-
inducing AED) resulted in appreciably higher mean steady 
state values for TPM Cmax and AUC (51). Similarly, with-
drawal of CBZ from patients receiving concomitant TPM 
and CBZ resulted in an approximately twofold increase 
in TPM plasma levels (47). Therefore, there is a potential 
need for TPM dosage adjustment when enzyme-inducing 
AEDs are either added or discontinued. Barbiturates may 
have a similar effect but have not been studied. Conversely, 
simultaneous administration of TPM and VPA (an inhibi-
tor of hepatic enzymes) resulted in slightly (17%) higher 
values for TPM Cmax and AUC (52).

TPM and Non-AEDs

TPM at doses of 200 mg/day or more reduced serum 
levels of ethinyl estradiol derived from an oral contracep-
tive by 30% (53), but, in another series of women, TPM 
doses of 50, 100, and 200 mg/day had no significant 
effect (54). This TPM effect on oral contraceptives is 
less than that of the effect of either CBZ, PHT, or PB; 
unlike these other antiepileptic medications, TPM does 
not lower progestin levels (54).

Coadministration of TPM and digoxin in healthy 
adults results in a small reduction in digoxin Cmax (16%) 
and AUC (12%) (55). The apparent oral clearance of 
digoxin increased by 13% without a corresponding 
change in the renal clearance, suggesting that TPM may 
affect the systemic availability of digoxin.

The clearances for lithium, amitriptyline, and ris-
peridone increase and the levels decrease slightly when 
they are given with TPM (43). Metformin AUC increased 
by 25% in healthy volunteers given TPM (44). TPM has 
no pharmacokinetic effects on concomitant propranolol, 
sumatriptan, or dihydroergotamine (43).

CLINICAL EFFICACY

A summary of the randomized controlled trials involving 
TPM across a broad spectrum of seizure types, usages 
(monotherapy, adjunctive therapy), and ages (adults and 
children) is shown in Table 52-1.

Monotherapy in Adults and Children with 
Partial-Onset and Generalized-Onset Seizures

The efficacy of TPM monotherapy has been assessed in 
four randomized controlled monotherapy trials (56–61). 
The first trial was a single-center study in which adult 
outpatients with refractory partial-onset seizures were ran-
domized to either TPM 100 mg/day (low dose) or TPM 
1000 mg/day (high dose), converted over 5 weeks from 
one or two standard AEDs to TPM monotherary, and then 
followed for 11 more weeks (56). The study’s primary out-
comes of time until study exit and successful completion of 
112 study days were significantly better for the high-dose 
TPM group compared with the low-dose TPM group. Dur-
ing the study, 13% of the high-dose TPM patients, but no 
low-dose TPM patients, became seizure free (56).

Subsequently, two multicenter randomized, con-
trolled trials of TPM monotherapy in children and adults 
with recently diagnosed epilepsy employed a similar high-
dose versus low-dose design, but both studies used lower 
TPM dosages (57, 58). The study population included 
both adults and children with partial-onset seizures and 
generalized-onset tonic-clonic seizures. The first trial 
randomized 252 patients (age 3 years and older), with 
epilepsy for less than three years, to either a low dose 
(25 mg/day if weight was less than 50 kg; 50 mg/day if 
weight was greater than 50 kg) or a high dose (200 mg/day
if weight was less than 50 kg; 500 mg/day if weight 
was greater than 50 kg) (58). At baseline, patients were 
either on no medication (56%) or on one drug that was 
withdrawn within six weeks. The primary endpoint, 
a comparison of time to second seizure between these 
doses, was not statistically significant; however, when 
the time to first seizure was added as a covariate for 
the data analysis, the high dose proved superior in effi-
cacy (P 	 0.01). A secondary outcome variable, the 
percentage of patients who were seizure free during the 
six-month trial, favored the high-dose group (54% vs. 
39%, P 	 0.02). 
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The second randomized controlled trial enrolled 
470 patients (age 6 years and older), with untreated epilepsy 
(two or more lifetime unprovoked seizures, with one or 
two partial-onset seizures or generalized-onset tonic-clonic 
seizures in a three-month retrospective baseline), to either 
TPM 50 mg/day or TPM 400 mg/day (57). The primary 
endpoint, time to first seizure, was better in the high-dose 
group (P 	 0.0002). The treatment arms demonstrated a 
significant difference (P 	 0.046) in favor of the high-dose 
arm by study day 14, when patients were receiving 100 mg/
day (high dose) and 25 mg/day (low dose). The seizure-free 
rates for the high and low doses at 12 months were 76% 
and 59%, respectively (P 	 0.001) (57). The trial included 
a large cohort (n 	 151, 32%) of children and adolescents 
6–15 years of age. The primary efficacy endpoint of time to 
first seizure favored the higher TPM dose in the cohort of 
children and adolescents (P 	 0.002). The probability that 
children and adolescents were seizure-free at six months 
was 78% in the group given the 50-mg target dose and 
90% in the group with the higher dose (P 	 0.04). At 12 
months, the probability of being seizure free was higher in 
the high-dose group compared to the low-dose group (85% 
vs. 62%, respectively, P 	 0.002) (60).

A fourth TPM monotherapy trial used a different 
design (59). Patients were eligible if their epilepsy was diag-

nosed within the previous three months. Study investiga-
tors identified whether CBZ (600 mg/day) or VPA (1250 
mg/day) would have been their preferred therapy based 
on the patient’s clinical presentation. A total of 613 study 
patients were randomized to double-blind treatment with 
either the investigator’s preferred therapy (CBZ or VPA) 
as the active control drug, TPM 100 mg/day, or TPM 200 
mg/day. Designed to detect inferiority, the study found no 
evidence of it between either TPM dose or the active control 
(CBZ or VPA) for any of the efficacy measures examined: 
time to exit, time to first seizure, and the proportion of 
patients who were seizure free during the last six months 
of treatment. Because 100 mg/day of TPM proved just as 
effective as 200 mg/day, the authors suggested 100 mg/day 
as an initial target dose for patients with new-onset seizures. 
In the subset of pediatric partial-onset seizure patients, the 
time to first seizure was similar for patients in the TPM, 
CBZ, or VPA arms, as were the proportions of seizure-free 
patients during the last six months of treatment (61).

Adjunctive Therapy in Adults and Children 
with Partial-Onset Seizures

TPM has been extensively studied as adjunctive therapy in 
adults with refractory partial-onset seizures with or with-

TABLE 52-1
Summary of Randomized Controlled Trials Involving Topiramate in Patients with Epilepsy

TYPE OF TPM USE SEIZURE TYPE AGE GROUP NUMBER OF DESIGN* RESULT REF

   STUDIES

Monotherapy Partial onset— Adult 1 High dose High dose 56  
 treatment resistant   vs. low dose > low dose 

Monotherapy Partial onset— Adults and 2 High dose High dose 57,  
 recently diagnosed children  vs. low dose > low dose 58, 60

Monotherapy Partial onset— Adults and 1 TPM vs CBZ TPM not 59, 61 
 recently diagnosed children  OR inferior to   
    TPM vs VPA CBZ or VPA

Adjunctive Partial onset Adult 8 Placebo TPM > 45, 46, 
    controlled placebo 62–67

Adjunctive Partial onset Child 1 Placebo TPM > 70  
    controlled placebo  

Adjunctive Generalized tonic Adults and 1 Placebo TPM > 72  
 clonic seizures of children  controlled placebo   
 non-focal origin  

Adjunctive Seizure types Adults and 1 Placebo TPM > 75  
 associated with children  controlled placebo   
 Lennox–Gastaut       
 syndrome

TPM = topiramate, CBZ = carbamazepine, VPA = valproic acid, * = see text for details
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out secondary generalization. Eight multicenter, random-
ized, placebo-controlled trials of adjunctive TPM therapy 
for adults with treatment-resistant, partial-onset seizures 
have documented TPM’s efficacy compared to placebo at 
dosages of 200 mg/day or greater (45, 46, 62–67). Initial 
clinical trials examined the effects of doses ranging from 
200 mg/day to 1600 mg/day. The minimum effective daily 
dose was 200 mg/day (45); intent-to-treat analyses identi-
fied 400 mg/day as the most effective dose (45, 67); and 
doses from 600 mg/day to 1,000 mg/day provided no 
additional benefit, but they increased the rate of adverse 
effects (45, 46, 67). It is possible, however, that individual 
patients may benefit from higher dosages. An initial target 
dose of 200 mg/day to 400 mg/day is recommended for 
adults. Pooled analyses of placebo-controlled studies in 
adults indicate that TPM is effective regardless of race, 
gender, baseline seizure rate, or concomitant AEDs (68). 
Subsequent trials examined slower titration rates (64, 66) 
or lower target dose (65, 66).

Long-term data are available from some of these 
controlled trials. In one report, 64% of the 214 adults 
with refractory partial-onset seizures who decided to 
take TPM after completion of blinded, controlled tri-
als continued on it for another 30 months. Among the 
approximately one-third of these patients who converted 
to TPM monotherapy, 28 (13% of the 214) were seizure 
free for at least the last three months (69).

The efficacy of adjunctive TPM in children, aged 
1–16 years with treatment-resistant, partial-onset seizures 
with or without secondary generalization, was examined 
in a multicenter, double-blind, randomized, placebo-
controlled trial (70). An 8-week baseline was followed by 
a 16-week double-blind treatment phase (an 8-week titra-
tion period followed by an 8-week stabilization period) 
with a weight-based target dose of 6 mg/kg/day. Forty-
one TPM-treated and 45 placebo-treated children ages 
2–16 years completed treatment. The median percentage 
of reduction from the baseline in the average monthly 
partial-onset rate in the TPM-treated group was 33%, 
compared to 11% in the placebo group (P 	 0.034) (70). 
For the 83 children with partial-onset seizures, with or 
without secondary generalization, who continued long-term 
open-label TPM therapy after the double-blind trial phase, 
the mean TPM dosage was 9 mg/kg/day. Seizure frequency 
over the last three months of therapy was reduced by 50% 
or more in 57% of the children; 14% of children were sei-
zure free for six months or more at the last visit (71).

Adjunctive Therapy in Adults and Children with 
Generalized-Onset Tonic-Clonic Seizures of 

Nonfocal Origin

A double-blind, placebo-controlled, multicenter study 
demonstrated TPM’s efficacy against treatment-
resistant, uncontrolled, GTC seizures of nonfocal origin 

in 80 children and adults (72). Inclusion and exclusion 
criteria were that patients were ages 4 years or older, 
had experienced three or more GTC seizures during 
an 8-week baseline phase, had electroencephalogram 
(EEG) findings consistent with generalized epilepsy, and 
were taking no more than two standard AEDs at study 
entry. Patients meeting these criteria were randomized 
to either TPM or placebo adjunctive treatment, titrated 
to target dosages of 6 mg/kg/day over 8 weeks, and 
maintained at that dose for 12 weeks.

A total of 80 patients (ages 3–59 years) were ran-
domized; the median baseline average monthly rate of 
GTC seizures was 5.0 in the TPM group and 4.5 in the 
placebo group. The mean TPM dosage during the stabi-
lization period was 5.0 mg/kg/day. The median percent-
age of reduction from baseline in average monthly GTC 
seizure rate at the end of the 20-week double-blind phase 
was higher for the TPM group compared with the placebo 
group (57% vs. 9%, P 	 0.019). More TPM-treated 
patients experienced a reduction of 50% or greater in 
GTC seizures compared to the placebo-treated controls 
(56% vs. 20%, P 	 0.001). A similarly designed study 
was published only in abstract form (73).

 In an analysis of long-term follow-up of 131 adults 
and children from the previously described studies, 63% 
had a decrease of 50% in seizure frequency during a 
mean follow-up period of 387 days (range, 14–909 days) 
and 16% were seizure free for the past six months (74). 
The cohort’s mean TPM dose was 7 mg/kg/day (range, 
1–16 mg/kg/day). At the last visit, 82% of the patients 
(n 	 107) were still taking TPM (74).

Adjunctive Therapy in Patients with Lennox-
Gastaut Syndrome

TPM’s efficacy as adjunctive therapy in patients with 
Lennox-Gastaut syndrome was established in a multi-
center, double-blind placebo-controlled trial (75). Study 
patients had to have active drop attacks (either tonic or 
atonic seizures), a history of or active atypical absence 
seizures, and a prior EEG showing a slow spike wave 
pattern and be taking one or two concomitant AEDs 
at the time of study entry. Following a 4-week baseline, 
eligible patients were randomized to either TPM or pla-
cebo adjunctive therapy. Study dosages were increased at 
weekly intervals over 3 weeks to 6 mg/kg/day and then 
maintained at that dose for 8 weeks.

A total of 98 patients, ages 2–42 years (an aver-
age of 11 years) were randomized. The two groups were 
evenly matched in the median monthly frequency of drop 
attacks (90 for the TPM group, 98 in the placebo group) 
and median monthly frequency of all seizure types (267 
for the TPM group and 244 in the placebo group). The 
median average TPM dosage during the stabilization 
period was 5.8 mg/kg/day (75).
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During blinded treatment, patients in the TPM 
group had a greater median percentage of reduction from 
baseline in drop attacks (15%) compared to the placebo 
group (–5%; P 	 0.041). TPM-treated patients experi-
enced a larger improvement in seizure severity compared 
with controls (52% vs. 28%; P 	 0.040) based on paren-
tal global evaluations (75).

In the open-label extension phase of this trial, the 
mean TPM dose for the 97 patients was 11 mg/kg/day, 
with a mean duration of 539 days (range, 44–1,225 days). 
At the last clinic visit, drop attacks were reduced by 50% 
or greater in 55% of patients; 15% of patients had no 
drop attacks for six months or more (76).

Monotherapy and Adjunctive 
Therapy in Patients with Infantile 

Spasms (West Syndrome)

TPM’s efficacy against infantile spasms has been reported 
in at least 10 open-label trials (77–86). In the first reported 
study, 11 patients with treatment-resistant infantile spasms 
documented by 24-hour video EEG, utilized an initial 
dose of 25 mg TPM, followed by a “rapid-dose” titra-
tion schedule of 25-mg increments every 2–3 days over a 
4-week period until either a maximal tolerated dose was 
reached, spasms were controlled, or a maximal dose of 
24 mg/kg/day was achieved. A total of five patients (45%) 
became spasm free, with repeat 24-hour video EEG dem-
onstrating absence of infantile spasms and hypsarrhyth-
mia (77). A majority of the patients (64%, 7 of 11) were 
able to achieve TPM monotherapy; the others were able 
to reduce their intake of concomitant AEDs (77).

Four of seven infants with West syndrome became 
seizure free with TPM therapy, as reported in a retrospec-
tive study of TPM in patients with intractable epilepsy 
(78). A third study reported the efficacy of TPM in 13 
infants with West syndrome as part of a multicenter study 
of 224 unselected patients with a variety of epilepsy types. 
Two (15%) West syndrome infants became seizure free; 
seven (54%, 7 of 13) had a reduction greater than 50% 
in their seizures. TPM was used as initial monotherapy 
in nine patients, with doses as much as 16 mg/kg/day 
(79). An open-label, multicenter retrospective study of 28 
infants treated with TPM included 8 infants with West 
syndrome; 88% (7 of 8) improved with TPM therapy, and 
3 patients received TPM monotherapy (80). One study of 
18 patients with spasms (14 infantile, 4 late-onset) found 
6 responders, but none were seizure free (82). In contrast, 
19 patients with West syndrome were included in an open, 
prospective, pragmatic study of TPM in 59 infants with 
epilepsy. Four of the six patients with cryptogenic West 
syndrome became seizure free (14-month median follow-
up). Among the remaining 13 patients with symptomatic 
West syndrome, 4 patients were responders, but only one 
(8%) became seizure free (81). Two of nine patients with 

infantile spasms became seizure free, and another two 
patients experienced a reduction of greater than 50% in 
seizure frequency in a prospective open-label trial of TPM 
in 47 children (ages 6–60 months) with refractory epilepsy 
(83). Following initiation of TPM therapy in 4 infants 
with infantile spasms (in a retrospective review of TPM 
use in 13 children ages less than 2 years), 2 infants became 
spasm free, 1 infant had a reduction greater than 75% in 
spasms, and the other infant had no response to TPM (84). 
Twenty patients with infantile spasms were treated with 
TPM monotherapy, with an initial dose of 1 mg/kg/day 
up to a maximal dose of 12 mg/kg/day (85). Six patients 
(30%) became spasm free and hypsarrhythmia free on 
video EEG; the patients with idiopathic spasms did better 
(4 of 8, 50% spasm free) compared to those with only 
symptomatic spasms (2 of 12, 17% spasm free) (85).

The largest study of TPM in children with infantile 
spasms was a 2006 prospective open-label study using 
TPM as initial therapy in 54 patients with newly diag-
nosed infantile spasms (86). Overall, 57% (31 of 54) 
of patients were seizure free for more than 24 months. 
Among these patients, 9 were on TPM monotherapy and 
22 patients received TPM with nitrazepam, valproic acid, 
or both. The average dosage applied was 5.2 mg/kg per 
day (range 1.6–26 mg/kg/day). The authors concluded 
that TPM was an “effective and safe first-choice drug not 
only as adjunctive but also as monotherapy of infantile 
spasms in children younger than 2 years” (86).

Adjunctive Therapy in Patients with 
Severe Myoclonic Epilepsy of Infancy 

(Dravet Syndrome)

Four studies have examined TPM’s efficacy for children 
with severe myoclonic epilepsy in infancy (SMEI) (81, 82, 
87, 88). A trial examined TPM’s effectiveness in 18 patients 
with SMEI, with a starting dose of 1 mg/kg/day, which 
was increased every 1–2 weeks, with a maximum dose 
of 6–8 mg/kg/day. The study showed that 17% (3 of 18) 
of the patients became seizure free, and 56% (10 of 18) 
had a reduction greater than 50% in seizure frequency 
(mean 10.5 months, with a range of 6–18 months) (87). 
A prospective multicenter, open-label adjunctive therapy 
study of 18 patients (ages 2–21 years, mean 9 years), with 
SMEI initiated TPM at 0.5–1 mg/kg/day, used 2-week 
increments of 1–3 mg/kg/day and a maximum dose of 
12 mg/kg/day. Similar to the previous study, 3 patients 
(3 of 18, 17%) became seizure free, and 10 patients (10 of 
18, 56%) had a reduction greater than 50% in seizures 
(mean 11.9 months, with a range of 2–24 months). No 
patient experienced worsening of seizures with TPM ther-
apy (88). In a subset of a study with 207 children with 
refractory epilepsy, 3 of 5 SMEI patients responded to 
TPM therapy (82). Six patients with SMEI were included 
in an open, prospective, pragmatic study of TPM in 59 
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infants with epilepsy; only 2 of the 6 SMEI patients 
responded, and none became seizure-free (81).

Adjunctive Therapy in Patients with 
Juvenile Myoclonic Epilepsy

A posthoc analysis of two multicenter, double-blind, 
randomized, placebo-controlled, trials of TPM for GTC 
seizures of nonfocal origin revealed that 22 patients with 
juvenile myoclonic epilepsy had been randomized to 
either TPM (n 	 11, target dose, 400 mg/day in adults) 
or placebo (n 	 11). A significantly higher number of 
patients in the TPM-treated arm experienced a reduc-
tion of 50% or greater in GTC seizures compared to 
the placebo arm (8 of 11, 73% vs. 2 of 11, 18%; P 	
0.03). Although reductions were noted in the number 
of myoclonic and absence seizures and total number of 
generalized seizures in the TPM arm, the difference did 
not reach statistical significance (89).

A second study examined TPM’s efficacy in 22 patients 
with juvenile myoclonic epilepsy (ages 13–53 years). The 
target TPM dosage was as much as 200 mg/day. Among 
the 16 patients who completed one year of follow-up, 
10 patients (62.5%) were free of GTC seizures, and myo-
clonia was controlled in 11 patients (90).

Adjunctive Therapy in Patients with 
Other Epilepsy Syndromes

There are small studies suggesting that TPM is effective 
for absence epilepsy (91), Doose syndrome (82), and pro-
gressive myoclonic epilepsies (92).

Adjunctive Long-Term Open-Label Treatment

Prospective open-label series may be more predictive 
of results in clinical practice because long-term exten-
sion studies include only patients who have successfully 
completed randomized trials (a subset that is prob-
ably not reflective of the general population). Among 
292 adults with refractory seizures treated with adjunc-
tive, open-label TPM, in dosages of 100–1,600 mg/day, 
and followed for a mean of 2.2 years (84–804 days), 
mean reductions greater than 50% in both partial- and 
generalized-onset seizures were observed, and 10% were 
seizure free for at least six months (93). Discontinuations 
were more often due to adverse effects (32%) than to
lack of efficacy (19%), a pattern typical for TPM 
treatment (93–96).

A 6-month Canadian multicenter open-label study 
of 209 adults given TPM as adjunctive therapy reported 
that patients had a reduction of 41% in median seizure 
frequency during the final 8 weeks, with 10% becom-
ing seizure free and with improvements in quality of life 
measurements (97).

A multicenter, retrospective review of open-label TPM 
adjunctive therapy in 277 children (average age, 8.4 years; 
range, 1–16 years) with treatment-resistant epilepsy evalu-
ated TPM’s long-term efficacy. Overall, after 27.5 months 
of treatment (range, 24–61 months), 4% (11 of 277) of chil-
dren were seizure free and 20% (56 of 277) had a reduction 
of greater than 50% in seizure frequency. TPM’s long-term 
efficacy was greater in patients with partial-onset epilepsy 
than in those with generalized-onset epilepsy (98).

ADVERSE EFFECTS

TPM’s profile for adverse events is similar for adults and 
children. TPM-related adverse events in 199 children par-
ticipating in double-blind, placebo-controlled trials (the 
events occurred with a greater frequency of more than 
5% in the TPM treatment group than in the placebo 
group) were somnolence, anorexia, fatigue, nervousness, 
concentration or attention difficulties, aggression, diffi-
culty with memory, and weight loss (99). The mean TPM 
dose was 6.2 mg/kg/day for a mean of 107 days (99).

In general, TPM is associated with a lower incidence 
of adverse events (i.e., better tolerated) when it is used as 
monotherapy than in adjunctive therapy. A slower titra-
tion is better tolerated than a rapid titration. The slower 
rate of TPM titration (i.e., increases at 2-week intervals) 
that is used in some of these pediatric studies resulted in a 
lower frequency of adverse events compared to the higher 
frequency observed with a more rapid rate of titration 
that is used in many of the adult studies and the trial in 
patients with Lennox-Gastaut syndrome (100). During 
the double-blind portion of the placebo-controlled studies 
involving children, the use of TPM did not result in any 
discontinuations due to an adverse event (100).

One framework to examine these adverse events 
is to group them by system: the most common adverse 
events involve the CNS (cognitive effects, somnolence, 
fatigue, effects on mood, psychosis, and, rarely, hyper-
ammonemic encephalopathy and acute bilateral second-
ary angle-closure glaucoma), gastrointestinal system 
(anorexia, weight loss), and systemic (paresthesias, 
metabolic acidosis, renal stones). Some of the adverse 
events are definitely dose related (e.g., cognitive problems, 
paresthesias, anorexia, and decreases in serum bicarbon-
ate), some are proposed to be dose related (e.g., gastrointes-
tinal symptoms, renal stones, and psychiatric effects), and 
others are seen mostly during dose initiation and are thus 
unrelated to final dose (e.g., dizziness, somnolence, fatigue, 
and ataxia) (101, 102). Serious adverse effects are rare.

CNS Adverse Events

In clinical trials, the most commonly reported treatment-
emergent adverse events were CNS-related, and most 
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were rated as mild or moderate in severity. In clinical 
practice, cognitive adverse events are those most likely 
to limit TPM therapy (95, 96). Cognitive events are 
less common with a slow titration and when TPM is 
used as monotherapy (56–58). In the comparative trial 
of patients with new-onset seizures treated with either 
monotherapy CBZ 600 mg/day, monotherapy valproate 
1250 mg/day, monotherapy TPM 100, or monotherapy 
TPM 200 mg/day, no cognitive side effect exceeded 8% 
in any group, although valproate was slightly better toler-
ated (59). In an adjunctive TPM therapy trial with a slow 
upward titration of 25–50 mg/week to a target dose of 
200 mg, only 5% of patients experienced “concentration 
or attention difficulty” (66). In contrast, TPM’s cogni-
tive effects were clearly seen during the early, high-dose, 
rapid-titration, adjunctive therapy clinical trials; “think-
ing abnormal” occurred in 13% to 33% of patients, while 
15% to 25% had “concentration impaired” (68, 101).

A common misperception is that cognitive effects are 
universally present; in fact, many patients are completely 
unaffected, even at higher dosages, and group differences 
are strongly influenced by a subset of patients who are 
severely affected (103). Patients with intellectual disabili-
ties do not appear to be at greater risk than other patients 
for the cognitive effects of TPM (104, 105). In addition to 
slowing the titration rate and using TPM as monotherapy, 
another effective strategy is to reduce concomitant medi-
cations if adverse cognitive events appear (106).

 The specific types of cognitive adverse events 
associated with TPM appear qualitatively different 
from those with other AEDs. Examples of TPM-related 
cognitive adverse events include impaired expressive 
language function, impaired verbal memory, a general 
slowing of cognitive processing (without apparent seda-
tion or mood change), mild dysnomia, hesitation in ver-
bal replies, and declines in word fluency (68, 107–111). 
Nineteen patients withdrawn from polytherapy TPM 
experienced improvements in verbal fluency, working 
memory, and other functions associated with the frontal 
lobe (112). Patients with dominant-hemisphere seizure 
foci or pathology may be more likely to experience word-
finding difficulty (110).

Other TPM-related CNS adverse events included 
sleepiness and fatigue. Between 15% and 35% of sub-
jects experienced transient, nontherapy-limiting 
sleepiness during short-term clinical trials (45, 46, 
63, 64, 95). Fatigue was reported in approximately 
16% of study patients during TPM monotherapy trials 
using 25–500 mg/day, but there was no relationship to 
TPM dose (31). In adult adjunctive TPM clinical trials, 
fatigue was seen in 13% of patients taking placebo, 
15% of patients receiving TPM 200–400 mg/day, and 
30% of patients taking TPM 600–1000 mg/day (44). 
In children, fatigue was seen in 16% of patients taking 
adjunctive TPM and 5% taking placebo (44).

In the first five controlled trials using adjunctive 
TPM therapy, depression was reported in 15% of par-
ticipants; this was similar to that in the placebo group 
(101). In an open-label series, 11.9% of patients were 
described as having depression, hyperirritability, or 
aggressiveness (96). In another report, 5% had depres-
sion and 5.7% displayed irritability or aggressive behav-
ior (113). In this latter report, patients with psychiatric 
histories were more likely to experience these adverse 
events (113).

The incidence of psychosis in TPM clinical trials 
was 0.8%, which is not significantly different from the 
psychosis rate in the placebo group or the reported rates 
of psychosis in patients with treatment-resistant epilepsy 
(114). However, another study reported the rate of psy-
chotic symptoms in 94 patients treated with TPM as 12% 
(115). Psychiatric adverse events (such as depression and 
psychosis) are related to a high starting dose and rapid 
titration (116).

Hyperammonemic encephalopathy has been 
reported in a few patients taking concurrent TPM and 
VPA. These patients developed stupor, worsening of sei-
zures, and focal neurologic signs and had slowing of their 
EEG background rhythm. Recovery was rapid after either 
TPM or VPA was removed. (49, 117–119).

TPM-related acute bilateral secondary angle-closure 
glaucoma has been seen in all ages, from children to 
elderly (120, 121). Symptoms usually start a week after 
(mean, 7 days; range, 1–49 days) from initiation of ther-
apy and include blurred vision, eye pain, headache, nau-
sea, vomiting, pupillary changes, and hyperemia (121). 
Early recognition and immediate cessation of TPM are 
key to successful management (121).

Gastrointestinal Adverse Events

Many patients taking TPM lose weight, a result that is 
probably related to anorexia. The extent and duration of 
this weight loss is variable. In adults, the average decrease 
in body weight is 4.6%; this loss usually reaches a plateau 
by 18 months of therapy (68, 122). Obese adults tend to 
lose more weight on TPM than nonobese adults (123). 
Weight loss is not always beneficial and can be therapy 
limiting. Underweight adults and children who cannot 
voluntarily increase caloric intake may not tolerate this 
adverse event. In placebo-controlled TPM trials involving 
children, weight loss occurred in 9% of the TPM group 
versus 1% of the placebo group (99).

Systemic Adverse Effects

TPM’s most common systemic adverse events include 
paresthesias, metabolic acidosis, hypohydrosis, and renal 
stones. These effects are associated with TPM’s inhibi-
tion of carbonic anhydrase isozymes II and IV (124). 
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Paresthesias more commonly occur with monotherapy 
use compared to adjunctive therapy use. It is speculated 
that this is because of higher serum levels of TPM in 
the monotherapy trials (56, 58). In contrast to epilepsy 
studies, in clinical trials for migraine, 35% of subjects 
had paresthesias at 50 mg/day and 49% at 200 mg/day 
(44). Tingling or numbness involved hands and feet or 
sometimes the whole body.

TPM can lower serum bicarbonate levels in a dose-
dependent effect. The package insert reports that 32% 
of adults taking 400 mg/day have serum bicarbonate 
levels less than 20 mEq/L and that the effect is more 
prevalent in children (44). Another study reports an 
average decrease of 5.1 mEq/L (26.8 to 21.7) (125). 
Most patients are asymptomatic because serum pH can 
ordinarily compensate. In some circumstances, a patient 
could experience a clinically significant nonanion-gap 
hyperchloremic acidosis that would manifest with 
ketosis, renal or respiratory insufficiency, or status 
epilepticus (126).

Hypohidrosis and oligohidrosis with TPM therapy 
can be asymptomatic or appear as heat intolerance (127). 
One study found that 5% (5 of 102) children taking 
TPM experienced symptomatic hypohidrosis with hyper-
thermia (128). The adverse event is reversible with TPM 
withdrawal (129.) The mechanism is not definite, but it 
is proposed to relate to carbonic anhydrase inhibition at 
the level of the sweat gland (129). 

An incidence of nephrolithiasis of 1.5% during 
TPM treatment is similar to that during treatment with 
another carbonic anhydrase inhibitor, acetazolamide (12, 
130). Most cases of nephrolithiasis are resolved by the 
spontaneous passage of renal stones, and 83% of the 18 
patients with stones elected to continue TPM treatment 
(101). Like acetazolamide, TPM has a sulfamate moi-
ety; however, carbonic anhydrase inhibition by TPM is 
relatively weak.

One study examined 14 children treated simulta-
neously with TPM and the ketogenic diet (known to 
predispose patients to metabolic acidosis) for periods 
of 33–544 days (131). Nine children experienced a 
decrease of less than 20% in serum bicarbonate levels, 
(mean, 7.6 meq/L; range, 5.3–12.3 meq/L). Two children 
required bicarbonate supplements, but no patient had 
nephrolithiasis (131).

Teratogenicity

TPM is rated as Pregnancy Category C by the U.S. Food 
and Drug Administration (FDA) (44). The Category C 
label means that animal reproduction studies have shown 
an adverse effect on the fetus, there are no adequate and 
well-controlled studies in humans, and the benefits from 
the use of the drug in pregnant women may be acceptable 
despite its potential risks (132). 

CLINICAL USE

FDA Indications

TPM is indicated as initial monotherapy in patients ages 
10 years and older, with partial-onset or primary GTC 
seizures, as adjunctive therapy for adults; for pediatric 
patients ages 2–16 years with partial-onset seizures or 
primary GTC seizures; and for patients ages 2 years and 
older with seizures associated with Lennox-Gastaut syn-
drome. It is also indicated in adults for the prophylaxis 
of migraine headache (44).

Formulations

TPM is available in oral preparations, either as a tablet 
(25 mg, 50 mg, 100 mg, and 200 mg strengths) or as a 
sprinkle capsule (15 mg and 25 mg) (44). There is no 
intravenous preparation commercially available.

Dosing

Attention to the initial dose of TPM, subsequent titration 
rates, and the maintenance target dose are important to 
maximize tolerability and, subsequently, to maximize 
effectiveness. TPM should be titrated until there is a 
clear clinical response consisting of either seizure control 
without intolerable adverse events or persisting seizures 
with intolerable side effects. In patients showing some 
seizure reduction without intolerable adverse events, the 
dose of TPM can be further increased. If adverse expe-
riences do occur, titration can be slowed; on the other 
hand, titration can be more rapid if the suppression of 
seizures is urgently needed. A small subset of patients 
(1% to 3%) appears unable to tolerate even the lowest 
doses of TPM. 

For children with epilepsy, commonly used initial 
TPM doses range from 0.5 to 1 mg/kg/day. Subsequent 
weekly increases in dosage are in increments of 
0.5–1 mg/kg/day. As monotherapy, typical TPM target 
doses are in the range of 3 mg/kg/day, whereas in 
adjunctive therapy TPM target doses range from 6 to 
9 mg/kg/day. With these slow rates of titration, it may take 
6 to 8 weeks to begin to see efficacy, and it is important 
to explain this time frame to the parents of the patient to 
avoid undue anxiety and frustration.

An open-label, naturalistic TPM monotherapy clini-
cal trial involving 114 children (ages less than 12 years) 
at 127 centers throughout Europe and the Middle East 
found 3.3 mg/kg/day (range, 1.3–13.0 mg/kg/day) as the 
median final dose of TPM (133). However, infants and 
some children may require significantly higher initial and 
target doses. Some infants and children benefit from TPM 
doses up to 50 mg/kg/day—particularly in the presence of 
a concomitant enzyme-inducing AED such as CBZ.
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For adults with epilepsy, commonly used initial 
TPM doses range from 25 to 50 mg/day. Subsequent 
increments of 25–50 mg/day are done every 1–2 weeks. 
For initial monotherapy, TPM target doses as low as 
100 mg/day may be effective, whereas, in adjunctive ther-
apy, TPM target doses range from 400–600 mg/day. In an 
open-label, naturalistic TPM monotherapy clinical trial 
involving 441 adults at 127 centers throughout Europe 
and the Middle East, the median final TPM dose was 
125 mg/day (range, 25–700 mg/day) (133).

Precautions

Measurement of baseline and periodic bicarbonate levels 
is recommended (44). Periodic measurements could occur 
when the initial target dose is reached, after large dose 
increases, and in circumstances predisposing the patient 
to metabolic acidosis. Minor decreases in bicarbonate 
usually do not require any action; in general, clinical 
judgment should guide whether dose reduction or alkali 
treatment is needed. No other routine laboratory testing 
is recommended.

Women taking more than 200 mg/day of TPM along 
with oral contraceptives should take precautions. The 
absence of breakthrough bleeding is not a reliable sign 
of secure birth control, but its occurrence may suggest a 
need for a higher estrogen dose or a second method.

Contraindications

The only absolute contraindication is hypersensitivity to 
components of the compound (44).

Plasma Concentrations

Most large clinical laboratories (in hospitals or indepen-
dent laboratories) offer TPM plasma concentrations. 

Optimal treatment response is most likely to occur 
at TPM plasma concentrations ranging from 3.2 to 
28.8 µg/mL for children ages 5 and younger (134), 
1.5–20.4 µg/mL for older children (ages 6–12 years) on 
TPM monotherapy (134), and 2–10.5 µg/mL (6–31 µmol/L) 
for adults with treatment-resistant partial epilepsy (135).

CONCLUSION

TPM is an antiepileptic medication with efficacy in mul-
tiple animal models; it possesses multiple mechanisms 
of action, demonstrates a favorable pharmacokinetic 
profile in humans, exhibits efficacy against a variety of 
seizure types in children and adults in both clinical trials 
and clinical practice, and has a well-defined profile for 
adverse events.

TPM has efficacy in the MES and the PTZ seizure 
tests along with multiple other rodent models of epilepsy. 
Its multiple mechanisms of action include, but are not lim-
ited to, state-dependent blockade of Na� channels, poten-
tiation of GABA-mediated (inhibitory) neurotransmission, 
and antagonism of glutamate (excitatory) receptors of 
the kainate (non-NMDA) subtype. It exhibits a favor-
able pharmacokinetic profile, including rapid absorption, 
long duration of action, and minimal interaction with 
other AEDs. In clinical trials involving adults and children 
with epilepsy, TPM exhibited efficacy against partial-onset 
and generalized-onset seizures. It has demonstrated effi-
cacy in patients with epilepsy, ranging from those with 
newly diagnosed, untreated epilepsy to patients with long-
standing, treatment-resistant epilepsy. TPM has demon-
strated efficacy as monotherapy and in adjunctive therapy. 
TPM has a well-characterized adverse event profile with 
recognizable and reversible adverse events. Overall, TPM 
has emerged as a valuable AED for children and adults 
with epilepsy.
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Valproate

alproic acid, or valproate (VPA), 
has been used in the treatment of 
epilepsy for more than 40 years (1). 
During this time, it undoubtedly has 

established itself as one of the major antiepileptic drugs 
(AEDs), mainly because it was the first (and until the 
1990s the only) drug with a broad spectrum of activ-
ity against different seizure types, and because of its 
relatively low sedative effect. In addition to being the 
first drug to be highly effective against several primarily 
generalized seizure types, such as absences, myoclonic 
seizures, and generalized tonic-clonic seizures, VPA also 
was found to have some effectiveness in the treatment 
of partial seizures, Lennox-Gastaut syndrome, infantile 
spasms, neonatal seizures, and febrile seizures. Thus, VPA 
became particularly popular among pediatric neurolo-
gists. In addition to its place in the treatment of epilepsy, 
VPA has gained acceptance in the treatment of affective 
disorders in psychiatry and in the prophylaxis of migraine 
headaches. Effectiveness in the treatment of Sydenham’s 
chorea has also been suggested (2), indications that will 
not be included in this chapter.

Blaise F. D. Bourgeois

CHEMISTRY, ANIMAL PHARMACOLOGY, 
AND MECHANISM OF ACTION

Valproic acid (Figure 53-1) is a colorless liquid of 
molecular weight (MW) 144.21 with low solubility in 
water. Sodium valproate (MW 166.19) is a highly water-
soluble and highly hygroscopic, white, crystalline mate-
rial. Sodium hydrogen divalproate (divalproex sodium) 
is a mixture of equal parts of valproic acid and sodium 
valproate. Being a short-chain branched fatty acid, VPA 
differs chemically from all other known AEDs. The anti-
convulsant effect of VPA was discovered serendipitously 
when it was used as a solvent for compounds being tested 
in an animal model of seizures (3). The antiepileptic activ-
ity of VPA has been well demonstrated in several ani-
mal models (4–6). The effects of VPA include protection 
against maximal electroshock (MES)-induced seizures; 
seizures induced chemically by pentylenetetrazol (PTZ), 
bicuculline, glutamic acid, kainic acid, strychnine, oua-
bain, nicotine, and intramuscular penicillin; and seizures 
induced by kindling (7). This broad spectrum of efficacy 
of VPA in animal models suggests that it is effective in 

V
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both preventing the spread and lowering the threshold of 
seizures, and this is consistent with the broad spectrum 
of antiepileptic activity of VPA in humans.

Extensive studies have been carried out to eluci-
date the mechanism of action of VPA. Several effects of 
VPA have been demonstrated at the cellular level, but the 
precise mechanism underlying the antiepileptic effect of 
VPA has not been identified, more than one mechanism 
may be involved, and none of the identified actions has 
been widely accepted as the predominant relevant mecha-
nism (8). VPA raises brain levels of the inhibitory neu-
rotransmitter gamma-aminobutyric acid (GABA) (5, 9). 
This increase may be due to the inhibition of GABA-
transaminase, the first step in GABA deactivation (10); 
inhibition of succinic semialdehyde dehydrogenase, the 
second step in GABA deactivation (11); or an increase in 
activity of glutamic acid decarboxylase, an enzyme 
involved in the synthesis of GABA (9). However, because 
it occurs at much higher than usual therapeutic doses and 
because its time course lags behind the anticonvulsant 
effect (12), elevation of GABA is unlikely to be the pre-
dominant mechanism of the antiepileptic effect of VPA. 
In addition to its effect on GABA levels, VPA reduces 
sustained repetitive high-frequency firing by blocking 
voltage-sensitive sodium channels (13) or by activating 
calcium-dependent potassium conductance (14). It was 
also demonstrated in mice that VPA can decrease brain 
levels of the excitatory amino acid aspartate (15), as well 
as decreased expression of the glutamate transporter-1 
in rat hippocampus (16). It is not known to what extent 
these actions contribute to the clinical effect of VPA.

BIOTRANSFORMATION, 
PHARMACOKINETICS, AND INTERACTIONS

Biotransformation

The main pathways of VPA biotransformation in humans 
include glucuronidation of VPA itself, beta-oxidation, 
hydroxylation, ketone formation, and desaturation 
(Figure 53-2). Both beta-oxidation and desaturation can 
result in the formation of double bonds. By far the most 
abundant metabolites are VPA glucuronide and 3-oxo-
VPA, which represent about 40% and 33%, respectively, 

of the urinary excretion of a VPA dose (17). Two desatu-
rated metabolites of VPA, 2-ene-VPA and 4-ene-VPA, 
have anticonvulsant activity that is similar in potency 
to that of VPA itself (18). Because there is delayed but 
significant accumulation of 2-ene-VPA in the brain and 
it is cleared more slowly than VPA itself (19), the forma-
tion of 2-ene-VPA may provide a possible explanation for 
the discrepancy between the time courses of VPA con-
centrations and the antiepileptic activity of VPA (20). It 
appears that 2-ene-VPA does not possess the pronounced 
embryotoxicity (21) and hepatotoxicity (22) of 4-ene-
VPA, and it may thus represent a better AED than VPA 
itself. The strongly hepatotoxic 4-ene-VPA is produced 
under the action of cytochrome P450 enzymes. These 
enzymes are induced by other AEDs such as phenobarbi-
tal, phenytoin, and carbamazepine (17, 23), and this may 
explain the increased risk of hepatotoxicity in patients 
receiving these drugs together with VPA (24). However, 
elevation of 4-ene-VPA levels has not yet been documented 
in patients with VPA hepatotoxicity or in conjunction with 
short-term adverse effects or hyperammonemia (25).

Pharmacokinetics

The main pharmacokinetic parameters of VPA are sum-
marized in Table 53-1.

The bioavailability of oral preparations of VPA 
is virtually complete when compared with the intra-
venous route (26). The purpose of the enteric coating 
of tablets is to prevent the gastric irritation associated 
with release of valproic acid in the stomach. When VPA 
syrup was administered rectally, it was found to have 
the same bioavailability as the oral preparation (27, 28). 
Compared with oral syrup, the bioavailability of VPA 
suppositories was found to be 80% in volunteers (29). 
The time to peak level was longer for the suppositories 
than for the syrup (3.1 hours vs. 1.0 hour). In a study in 
patients treated chronically with VPA, administration of 
VPA suppositories was well tolerated for several days, 
and the bioavailability was the same as for the oral prepa-
rations (30). The available evidence suggests that there is 
no need for a dosage change or a change in regimen when 
oral VPA administration is transiently replaced by rec-
tal administration. The bioavailability of the divalproex 
extended-release preparation is 8% to 20% lower than 
that of other divalproex preparations (31, 32).

The rate of absorption of VPA after oral adminis-
tration is quite variable depending on the formulation. 
Administration of syrup and uncoated regular tablets or 
capsules is followed by rapid absorption, and peak levels 
are achieved within 2 hours. Absorption from enteric-
coated tablets is delayed, but once absorption begins, it 
is rapid. The onset of absorption varies as a function of 
the state of gastric emptying at the time of ingestion, and 
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FIGURE 53-1

Structural formula of valproic acid (N-dipropylacetic acid).
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peak levels may be reached only 3 to 8 hours after oral 
ingestion of enteric-coated tablets (33–35). Figure 53-3 
shows the serum levels of a patient who received a first 
oral dose of 500 mg of enteric-coated divalproex sodium. 
No VPA was detectable in serum until 8 hours after the 
oral intake, and this was followed by a rapid rise of serum 
levels (36).

Because of this delayed absorption, serum levels of 
VPA in patients taking VPA chronically (twice or three 
times daily) continue to decrease for 2 or more hours 
after drug ingestion. Therefore, the lowest VPA levels of a 
24-hour cycle are not the assumed “trough levels” before 
the morning dose, but actually occur in the late morning 
or early afternoon (30). The absorption of enteric-coated 
sprinkles was compared with the absorption of VPA syrup 
in 12 children, and no difference in overall bioavailabil-
ity was found between the two formulations. However, 

TABLE 53-1
Pharmacokinetic Parameters of Valproate

Bioavailability �90%
Time to peak levela 1–8 hours
Volume of distribution 0.16 L/kg
Serum protein bindingb 70–93%
Elimination half-lifec 5–15 hours
Therapeutic range 50–100 (�150) mg/L
 350–700 (�1,000) µmol/L

aThe longer values are for enteric-coated and slow-release 
preparations.

bConcentration dependent; lower at higher total 
concentrations.

cShorter values are for comedication with inducing drugs.

(potentially hepatotoxic, teratogenic)
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the absorption of VPA was slower from the sprinkles, 
with an average time to maximal VPA concentrations of 
4.2  hours after ingestion of sprinkles, as compared with 
0.9 hours after ingestion of syrup (37).

The volume of distribution of VPA is relatively small 
(0.13–0.19 L/kg in adults and 0.20–0.30 L/kg in chil-
dren). This suggests that VPA has a relatively lower affin-
ity for binding outside the blood compartment than for 
binding to serum proteins. Indeed, VPA is highly bound 
to serum proteins. This binding appears to be saturable 
at therapeutic concentrations, and the free fraction of 
VPA increases as the total concentration increases. For 
instance, Cramer et al (38) found that the average free 
serum fraction of VPA in adults was only 7% at 50 mg/L 
and 9% at 75 mg/L, increasing to 15% at 100 mg/L, 22% 
at 125 mg/L, and 30% at 150 mg/L. Based on these val-
ues, with a threefold increase in the total concentration 
of VPA from 50 to 150 mg/L, the free level of VPA would 
increase more than 10 times from 3.5 mg/L to 45 mg/L. 
Because the clearance of VPA is related to the free con-
centration, there is a linear relationship between the daily 
maintenance dose of VPA and steady-state free levels. 
But, as expected on the basis of saturable binding, a cur-
vilinear relationship between VPA maintenance dose  and 
total steady-state concentrations was found by Gram and 
coworkers (39), with relatively smaller increases in con-
centrations at higher doses.

The elimination half-life of VPA varies as a function 
of comedication. In the absence of inducing drugs, the 
half-life in adults is 13 to 16 hours (34, 40), whereas 
the half-life in adults receiving polytherapy with induc-
ing drugs averaged 9 hours (26); half-lives in children 

are slightly shorter. Cloyd and coworkers (41) found 
an average half-life of 11.6 hours in children receiving 
monotherapy and 7.0 hours with polytherapy. Hall and 
coworkers (42) determined that VPA half-lives were sig-
nificantly related to age, but volume of distribution and 
clearance were not. Newborns eliminate VPA slowly, with 
half-lives that are longer than 20 hours (43).

Interactions. Pharmacokinetic interactions involving 
VPA fall into three categories, based on the fact that 
(1) the metabolism of VPA is sensitive to enzymatic induc-
tion, (2) VPA itself can inhibit the metabolism of other 
drugs, and (3) VPA has a high affinity for serum proteins 
and can displace other drugs. Pharmacokinetic interac-
tions with VPA have been reviewed previously (44). 
Concomitant administration of enzyme-inducing AEDs 
such as carbamazepine, phenytoin, phenobarbital, and 
primidone has been repeatedly shown to result in lower 
VPA levels in relation to the maintenance dose (45). The 
addition of both carbamazepine (46, 47) and phenytoin 
(47) significantly lowers VPA levels, usually by at least 
one-third to one-half. These interactions are particularly 
pronounced in children, resulting in VPA level reduc-
tions of 50% or more (48, 49). When children receiving 
polytherapy had other drugs discontinued, VPA levels 
rose 122% after withdrawal of phenytoin, 67% after 
withdrawal of phenobarbital, and 50% after withdrawal 
of carbamazepine (50). The antibiotic meropenem can 
decrease VPA levels to a clinically relevant degree (51). 
In general, when an inducing drug is added or with-
drawn in a patient taking VPA, the dose of VPA must be 
increased or decreased, respectively, by a factor of about 2,
if the same level is to be maintained. Inversely, levels of 
VPA are raised by felbamate (52, 53). The increase in 
VPA levels was found to be 28% at a felbamate dose of 
1,200 mg/day and 54% at a dose of 2,400 mg/day. In 
addition to felbamate, clobazam has also been found to 
reduce the clearance and elevate the levels of VPA (54).

When VPA affects the kinetics of other drugs, the 
interaction is either an enzymatic inhibition or a displace-
ment from serum proteins. Levels of phenobarbital have 
been found to increase by 57% (55) to 81% (56) after 
the addition of VPA. Levels of ethosuximide can also be 
raised by the addition of VPA, mostly in the presence of 
additional AEDs (57). Although VPA does not raise lev-
els of carbamazepine itself, levels of the active metabo-
lite, carbamazepine-10,11-epoxide may double (58, 59). 
The elimination of lamotrigine is markedly inhibited by 
VPA, with a twofold to threefold prolongation of the 
lamotrigine half-life (60). This interaction is competitive 
and rapidly reversible, but it seems to persist at low VPA 
concentrations (61, 62). Lamotrigine must be introduced 
at lower doses in patients taking VPA.

A pharmacokinetic interaction occurs between VPA 
and phenytoin because both drugs have a high affinity for 
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FIGURE 53-3

Valproate serum concentrations after a 500-mg single first 
oral dose of enteric-coated divalproex sodium in a 60.4-kg 
woman. Reproduced with permission from (36).
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serum proteins. VPA increases the free fraction of phe-
nytoin (63, 64). Because the free serum level of phenytoin 
determines the brain concentration, total phenytoin con-
centrations in the usual therapeutic range may, in the 
presence of VPA, be associated with clinical toxicity. In 
contrast to inducing AEDs, VPA is not associated with 
failure of oral contraceptives (65). Acetylsalicylic acid 
can both displace VPA from serum proteins and alter its 
metabolism (66). It appears that this interaction can be 
sufficient to cause clinical VPA toxicity (67).

CLINICAL EFFICACY

Absence Seizures

Valproate is a prime example of a broad-spectrum antiep-
ileptic drug, with at least some degree of efficacy against 
most seizure types (68). During the first years of rou-
tine clinical use of VPA, it soon became apparent that 
it is a highly effective drug in the treatment of primarily 
generalized idiopathic seizures such as absence seizures, 
generalized tonic-clonic seizures, and myoclonic seizures 
(69). The primary indication of VPA when it was first 
released in North America in 1978 was the treatment of 
absence seizures. When VPA was administered to patients 
with typical and atypical absence seizures, a reduction of 
spike-and-wave discharges was repeatedly demonstrated 
(70–75). Comparison of the efficacy of VPA and ethosux-
imide in the treatment of absence seizures revealed equal 
efficacy in at least two studies (76, 77). Sixteen patients 
not previously treated for absence seizures and 29 refrac-
tory patients were enrolled in a double-blind crossover 
study of VPA and ethosuximide, in which the measure of 
efficacy was the frequency and duration of generalized 
spike wave bursts on electroencephalogram (EEG) telem-
etry (77). Ethosuximide and VPA were equally effective 
in previously untreated patients. An open randomized 
comparison of VPA and lamotrigine revealed that VPA 
achieved seizure control much faster than lamotrigine, 
but the overall seizure freedom at 1 year did not differ 
(78). According to other reports, simple absence seizures 
could be completely controlled by VPA monotherapy in 
11 of 12 patients (79), in 10 of 12 patients (50), in 14 of 
17 patients (80), and in 20 of 21 patients (81). Overall 
review of the available evidence cannot demonstrate a dif-
ference in efficacy between VPA, lamotrigine, and etho-
suximide against absence seizures, possibly because of the 
methodological quality or statistical power of the studies 
(82). It appears that absence seizures are more likely to 
be fully controlled if they occur alone than if they are 
mixed with another seizure type (50, 81). Overall, treat-
ment with VPA appears to be less effective against atypi-
cal or “complex” absences than against simple absences 
(79, 83). VPA can also be used effectively in patients with 
recurrent absence status (84).

Generalized Tonic-Clonic Seizures

In addition to establishing itself as a first-line drug in 
the treatment of absence seizures, VPA was found to be 
highly effective in the treatment of certain generalized 
convulsive seizures (85–88). In 36 patients with primar-
ily generalized tonic-clonic seizures, of whom 24 had 
been treated previously with other AEDs, VPA was used 
in monotherapy (79). In 33 of these patients, seizures 
were fully controlled. Among 42 patients with intrac-
table seizures, the generalized tonic-clonic seizures were 
fully controlled by add-on VPA in 14 patients (07). VPA 
was compared with phenytoin in 61 previously untreated 
patients with generalized tonic-clonic, clonic, or tonic 
seizures (89). The seizures came under control during the 
time of observation in 73% of patients receiving VPA and 
in 47% of patients treated with phenytoin. Discounting 
seizures that occurred before therapeutic plasma drug 
levels had been reached, this response increased to 82% 
for VPA and 76% for phenytoin. In another random-
ized study comparing valproate and phenytoin in patients 
with previously untreated tonic-clonic seizures, a 2-year 
remission was achieved in 27 of 37 patients with VPA and 
in 22 of 39 patients with phenytoin (86). Monotherapy 
with VPA was assessed in two studies of patients with 
primary (or idiopathic) generalized epilepsies (81, 82). 
Among patients who had only generalized tonic-clonic 
seizures, complete seizure control was achieved in 51 of 
70 patients (82) and in 39 of 44 patients (81), respec-
tively. Monotherapy with VPA in children with general-
ized tonic-clonic seizures was also found to be highly 
effective (90).

Myoclonic Seizures

VPA is currently a drug of first choice for most myoclonic 
seizures, particularly those occurring in patients with pri-
mary or idiopathic generalized epilepsies (79–81). In a 
group of 23 patients with myoclonic epilepsy of adoles-
cence, 16 came under full control with VPA monother-
apy (79). In the same study, 22 patients with myoclonic 
epilepsy of adolescence and abnormality on intermittent 
photic stimulation, of whom 17 had failed to respond to 
previous medications, full seizure control was achieved 
in 17 patients. Photosensitivity on the EEG is easily sup-
pressed by VPA, regardless of the associated clinical sei-
zure type (91). Among a group of patients with primary 
generalized epilepsies treated with VPA monotherapy, 
22 patients had myoclonic seizures and 20 of those had 
at least one other seizure type, either absence or tonic-
clonic seizures. The myoclonic seizures were controlled 
by VPA monotherapy in 18 of these 22 patients (81). 
Patients with juvenile myoclonic epilepsy have an excel-
lent response to VPA (92), which still remains a drug of 
first choice for this condition in most patients, at least in 
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terms of efficacy. Benign myoclonic epilepsy of infancy, 
which belongs to the group of primary or idiopathic 
generalized epilepsies, also responds well to treatment 
with VPA (90). Postanoxic intention myoclonus is usu-
ally refractory to treatment, but some success has been 
achieved with VPA (93–95). A combination of VPA and 
clonazepam was advocated in the treatment of the myo-
clonic and tonic-clonic seizures in patients with severe 
progressive myoclonus epilepsy (96).

Infantile Spasms and Lennox-Gastaut Syndrome

The available information on the use of VPA in the treat-
ment of generalized encephalopathic epilepsies of infancy 
and childhood, such as West syndrome and Lennox-
Gastaut syndrome, is much less extensive than for the 
more benign idiopathic primary generalized epilepsies. 
Like all other antiepileptic medications, VPA is less effec-
tive in the treatment of these severe forms of generalized 
epilepsy. In a larger series of patients treated with VPA, 38 
had myoclonic astatic epilepsy, a term used by the authors 
synonymously with Lennox-Gastaut syndrome (79). Of 
these patients, seven became and remained seizure free 
with VPA. In addition, a 50% to 80% improvement was 
achieved after the addition of VPA in one-third of these 
patients, and other AEDs were withdrawn or reduced. 
In the same series, seizures were fully controlled in three 
of six patients with myoclonic absence epilepsy, all of 
them on combination therapy. In another series involving 
100 children treated with VPA (50), seizure control was 
achieved in 12 of 27 children with “absences and other 
seizures” and in 9 of 39 children with atonic seizures.

The majority of reports on the use of VPA for the 
treatment of infantile spasms include small numbers of 
patients (97–99), or they include patients receiving cor-
ticotropin and VPA simultaneously (100, 101). VPA was 
used without corticotropin in one series of 19 infants with 
infantile spasms (102). With VPA as their first drug, 8 of 
these 19 infants experienced good seizure control and did 
not require corticotropin. These patients received VPA 
doses ranging from 20 to 60 mg/kg/day. The patients 
who experienced an initial failure with either VPA or 
corticotropin were subsequently switched to the other 
drug. Comparison of the two groups revealed a tendency 
toward a better response to corticotropin, but the inci-
dence and severity of side effects was lower with VPA. A 
low dose of 20 mg/kg/day of VPA was used in a series of 
18 infants with infantile spasms not previously treated 
with corticotropin (103). In 12 of these patients, the 
short-term results were described as good to excellent. 
On follow-up, 7 patients had residual seizure activity, and 
moderate to severe mental retardation was diagnosed in 
16. The authors concluded that the efficacy of VPA was 
similar to the efficacy of corticotropin and that VPA was 
associated with fewer side effects.

Partial Seizures

Systematic assessment of the efficacy of VPA against par-
tial seizures began only after its role in the treatment of 
generalized seizures had been established. Preliminary 
information had been provided by subgroups of patients 
in studies not dealing primarily with partial seizures, all 
of which suggested some benefit (50, 79, 104). The first 
direct comparison of VPA with carbamazepine in the 
treatment of partial seizures was an open study in 31 pre-
viously untreated adults (105). Eleven patients receiving 
VPA and 8 patients receiving carbamazepine were con-
trolled, but follow-up was less than 1 year in 12 of the 
31 patients. Comparison between carbamazepine, phe-
nytoin, and VPA in monotherapy in a prospective study 
of 79 patients with previously untreated simple partial 
or complex partial seizures revealed no difference in effi-
cacy among the three drugs (106). A group of 140 adults 
with previously untreated seizures were randomized to 
monotherapy with phenytoin or VPA (107). The seizures 
were tonic-clonic in 76 patients and predominantly com-
plex partial in 64. Determination of 2-year remission rate 
or time to first seizure revealed no difference between 
the two drugs in either subgroup. A retrospective study 
of VPA monotherapy in 30 patients with simple partial 
and complex partial seizures in whom previous drugs 
had failed revealed a remarkable response (108). Seizure 
control was achieved in 12 patients, a more than 50% 
seizure reduction occurred in 10 patients, and only 9 
patients were not improved.

Mattson and coworkers (109) carried out the most 
comprehensive controlled comparison of VPA and car-
bamazepine monotherapy in the treatment of partial and 
secondarily generalized seizures. This multicenter, double-
blind, randomized trial included 480 adult patients in 
whom several seizure indicators, as well as neurotoxicity 
and systemic toxicity, were assessed quantitatively. Four 
of five efficacy indicators were significantly in favor of 
carbamazepine against complex partial seizures, and a 
combined composite score for efficacy and toxicity was 
higher for carbamazepine than for VPA at 12 months, 
but not at 24 months. Outcomes for secondarily general-
ized seizures did not differ between the two drugs. Two 
comparative studies of VPA were carried out specifically 
in children (110, 111). A total of 260 children with newly 
diagnosed primary generalized or partial epilepsy were 
randomized to VPA or carbamazepine and followed for 
3 years (110). The doses were titrated as needed and as 
tolerated according to clinical response. Equal efficacy 
was found for the two drugs against generalized and par-
tial seizures, and adverse events were mostly mild for both 
drugs. The four drugs, phenobarbital, phenytoin, carba-
mazepine, and VPA, were compared in 167 children with 
untreated tonic-clonic or partial seizures entered into a 
randomized, unblinded study (111). Based on time to first 
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seizure and to 1-year remission, there was no difference 
in efficacy at 1, 2, or 3 years. Unacceptable side effects 
necessitating withdrawal occurred in 6 of 10 patients on 
phenobarbital, which was prematurely eliminated from 
the study, in 9% of children taking phenytoin, and in 4% 
each of children taking carbamazepine or VPA. When tri-
als comparing VPA and carbamazepine were subjected to 
a meta-analysis, carbamazepine was more effective than 
VPA for time to first seizure and for time to 12 months 
of remission (112). Valproate therapy was evaluated in 
143 adult patients with poorly controlled partial epi-
lepsy randomized to monotherapy with VPA at low levels 
(25–50 mg/L) or high levels (80–150 mg/L) (113). The 
reduction in the frequency of both complex partial and sec-
ondarily generalized tonic-clonic seizures was significantly 
higher among patients in the high-level group.

Other Uses of Valproate in the 
Treatment of Seizures

Several studies have assessed the efficacy of VPA in the 
prevention of febrile seizures (114–120). In some studies 
VPA was found to be as effective as phenobarbital, and 
in other studies it was more effective than phenobarbital, 
placebo, or no treatment in reducing seizure recurrence. 
Nevertheless, based on risk-versus-benefit ratio consider-
ations, VPA cannot be recommended for the prophylaxis 
of febrile seizures. Treatment with intermittent diazepam 
during febrile episodes was as effective as prophylactic 
VPA in children with a high risk of recurrence of febrile 
seizures (121). A small group of newborns with seizures 
have also been treated with VPA either rectally (122) or 
orally (43). Overall results were favorable. A loading 
dose of 20 to 25 mg/kg was followed by a maintenance 
dose of 5 to 10 mg/kg every 12 hours (43). Newborns 
treated with VPA were found to have a longer elimination 
half-life (26.4 hours) and higher levels of ammonia.

ADVERSE EFFECTS

Although adverse effects of AEDs are commonly divided 
into those that are dose related and those that are idiosyn-
cratic, the distinction is not always easy, particularly with 
VPA. Some reactions, such as tremor, are indeed fairly 
predictable and dose related. However, certain adverse 
events that only occur in a small fraction of patients, and 
therefore appear to be idiosyncratic, may be more likely 
to occur at high doses or levels of VPA, such as throm-
bocytopenia, certain cases of confusion or stupor, and 
neural tube defects. Finally, certain side effects that are 
too common to be considered idiosyncratic could never 
be clearly shown to be dose related, such as hair changes 
and weight gain. The main adverse effects of VPA are 
summarized in Table 53-2.

Neurologic Adverse Effects

A tremor with the characteristics of essential tremor 
is relatively common with VPA (123, 124). It is dose-
related and occurs in about 10% of patients. If it does 
not improve sufficiently with dose reduction, proprano-
lol may be effective (124). Asterixis (125) and revers-
ible parkinsonism (126–128) have also been described. 
Drowsiness, lethargy, and confusional states are uncom-
mon with VPA, but may occur in some patients, usually at 
levels greater than 100 mg/L. There have also been well-
documented cases of reversible dementia (126, 129, 130) 
and pseudoatrophy of the brain (130–132). Treatment 
with VPA has been associated with a rather specific and 
unique adverse effect characterized by an acute mental 

TABLE 53-2
Adverse Effects of Valproate

NEUROLOGIC

Tremor, drowsiness, lethargy, confusion, reversible 
 dementia, brain atrophy, encephalopathy

GASTROINTESTINAL

Nausea, vomiting, anorexia
Gastrointestinal distress
Hepatic failure
Pancreatitis

HEMATOLOGIC

Thrombocytopenia
Decreased platelet aggregation
Fibrinogen depletion

METABOLIC/ENDOCRINOLOGIC

Hyperammonemia
Hypocarnitinemia
Hyperinsulinism
Menstrual irregularities
Polycystic ovaries

TERATOGENICITY

Major malformations, including neural tube defect and 
 possible developmental delay in offspring

MISCELLANEOUS

Hair loss
Edema
Nocturnal enuresis
Decreased bone mineral density
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change that can progress to stupor or coma (133, 134). 
It is usually associated with generalized delta slowing 
of the EEG tracing. The mechanism is not known with 
certainty, and hyperammonemia or carnitine deficiency 
can be associated (135). This encephalopathic picture is 
more likely to occur when VPA is added to another AED, 
and it is usually reversible within 2 to 3 days upon dis-
continuation of VPA or of the other AED. Overall, VPA 
does not appear to be associated with a high incidence of 
dose-related effects on cognition or behavior (136–140). 
A possible psychotropic effect of VPA (141) was not con-
firmed in a controlled study (142).

Gastrointestinal Adverse Effects

The most frequent gastrointestinal adverse effects of 
VPA are nausea, vomiting, gastrointestinal distress, and 
anorexia. They may be due in part to direct gastric irri-
tation by VPA, and the incidence is lower with enteric-
coated tablets. Excessive weight gain is another common 
problem (143–146). It is not due entirely to increased 
appetite, and decreased beta-oxidation of fatty acids has 
been postulated as a mechanism (147). More recently, 
obese VPA-treated men were found to have higher serum 
insulin levels than obese control subjects (148, 149). The 
mechanism for this may be interference with hepatic insu-
lin metabolism rather than increased insulin secretion 
or insulin resistance (150). In addition, patients who 
developed obesity while taking VPA had higher leptin 
levels and lower ghrelin and adiponectin levels (149). 
Despite recommendations for diet and exercise, weight 
gain tends to be a bothersome side effect, especially in 
young women. Excessive weight gain seems to be less of 
a problem in children, and one study suggests that VPA 
does not cause more weight gain than carbamazepine in 
children (151).

Fatal hepatotoxicity remains the most feared adverse 
effect of VPA (24, 152, 153). The two main risk fac-
tors are young age and polytherapy. The risk of fatal 
hepatotoxicity while receiving polytherapy with VPA 
was found to be approximately 1 in 600 younger than 
the age of 3 years, 1 in 8,000 from 3 to 10 years, 1 in 
10,000 from 11 to 20 years, 1 in 31,000 between 21 and 
40 years, and 1 in 107,000 older than the age of 41 years 
(24). The risk is much lower for monotherapy and varies 
between 1 in 16,000 (3–10 years old) and 1 in 230,000 
(21–40 years old). No fatalities have been reported for 
certain age groups. Because a benign elevation of liver 
enzymes is common with VPA, and the severe hepatotox-
icity is usually not preceded by a progressive elevation 
of liver enzymes, laboratory monitoring is of little value, 
although it is commonly done routinely. The diagnosis of 
hepatic failure due to VPA depends mostly on recogni-
tion of the clinical features, which include nausea, vom-
iting, anorexia, lethargy, jaundice, edema, and at times 

loss of seizure control. Although increased production 
of toxic metabolites has been considered as a cause of 
VPA hepatotoxicity, this has not yet been documented 
(154, 155). There has also been evidence of a protective
effect of carnitine administration (especially intravenously) 
in cases of severe VPA hepatotoxicity (156). A panel of 
pediatric neurologists concluded that daily L-carnitine 
supplementation is strongly suggested in several situa-
tions, including certain secondary carnitine deficiency 
syndromes, symptomatic VPA-associated hyperammo-
nemia, multiple risk factors for VPA hepatotoxicity, or 
renal-associated syndromes, infants and young children 
taking VPA, patients with epilepsy using the ketogenic 
diet who have hypocarnitinemia, patients receiving dialy-
sis, and premature infants who are receiving total paren-
teral nutrition (157).

Another serious complication of VPA treatment 
is the development of acute hemorrhagic pancreatitis 
(158–163). Suspicion should be raised by the occurrence 
of vomiting and abdominal pain. Serum amylase and 
lipase are the most helpful diagnostic tests, and abdomi-
nal ultrasound may be considered. However, amylase may 
be elevated in 20% of asymptomatic patients taking VPA 
(164), and pancreatitis has been described in a patient 
with normal amylase but elevated lipase (165).

Hematologic Adverse Effects

Hematologic alterations are relatively common with 
VPA therapy, but they seldom lead to discontinuation 
of the drug (166–168). By far the most frequently diag-
nosed hematologic adverse event is thrombocytopenia 
(169, 170), which tends to improve with dosage reduc-
tions. The thrombocytopenia, in conjunction with other 
VPA-mediated disturbances of hemostasis, such as 
impaired platelet function, fibrinogen depletion, and 
coagulation factor deficiencies (171–174), may cause 
excessive bleeding. The common practice of discontinu-
ing VPA about 1 month before elective surgery is there-
fore recommended, especially surgeries considered to 
be associated with higher blood losses, although several 
reports have found no objective evidence of excessive 
operative bleeding during neurosurgical procedures in 
patients maintained on VPA (175–177). In addition to the 
described hematologic changes, VPA can also occasion-
ally cause neutropenia (178), bone marrow suppression 
(179), and systemic lupus erythematosus (180).

Metabolic and Endocrinologic Changes, 
Effect on Offspring

Hyperammonemia is a very common finding in asymp-
tomatic patients receiving chronic VPA therapy, and rou-
tine monitoring of ammonia is not warranted. Because 
ammonia levels were initially measured in symptomatic 



53 • VALPROATE 693

patients, their elevation was thought to be the cause 
of the symptoms (181–183). It was later found that 
hyperammonemia is very common in asymptomatic 
patients, particularly in those taking VPA together with 
an enzyme-inducing AED (184, 185). The origin of the 
excessive ammonium may be renal (186). Although 
hyperammonemia can be reduced by L-carnitine supple-
mentation (187), there is no documentation that this is 
necessary or clinically beneficial (188). Chronic treat-
ment with VPA, especially in polytherapy, also tends to 
lower carnitine levels (189, 190). A role for carnitine 
deficiency in the development of severe adverse effects 
of VPA has never been established. One patient who 
developed an acute encephalopathy and cerebral edema 
after acute administration of VPA was found to have 
low carnitine levels (191). A beneficial role of L-carnitine
supplementation in acute VPA overdoses has been sug-
gested (192, 193).

VPA can cause menstrual irregularities (194), hor-
monal changes such as hyperandrogenism and hyperin-
sulinism (195–199), and pubertal arrest in women (200). 
Another concern has been the association between VPA 
therapy and polycystic ovaries (195–197, 201). To what 
extent these observations are significant and reproducible 
is an open and debated issue (202–207).

When taken during pregnancy, VPA is associated 
with an increased of major malformations and of devel-
opmental delay in the offspring (208–211). Treatment 
with VPA during the first trimester of pregnancy is asso-
ciated with an estimated 1% to 2% risk of neural tube 
defect in the newborn (212–215). This risk appears to 
be greater at higher doses of VPA (216) and may also 
result from a pharmacogenetic susceptibility (217). Folate 
supplementation seems to reduce the risk (218), and a 
daily dose of at least 1 mg should be considered in all 
female patients of childbearing age who are taking VPA 
(see Chapters 35 and 36). Finally, a more recent concern 
has been that developmental delay may result from expo-
sure to VPA in utero (219, 220).

Miscellaneous Adverse Effects

Excessive hair loss may be seen early during treatment 
with VPA, and, although the hair tends to grow back, 
it may become different in texture (221) or color (222). 
Facial or limb edema can occur in the absence of VPA-
induced hepatic injury (223). Children may develop sec-
ondary nocturnal enuresis during VPA therapy (118, 143, 
224–226). Hyponatremia (227) has also been reported in 
one patient. The occurrence of rashes with VPA is extremely 
rare (228). Bone mineral density can also be decreased by 
VPA, with increased risk for fractures (229–233). The pre-
cise mechanism has not been elucidated, and VPA, unlike 
enzyme-inducing drugs, does not cause bone loss through 
hypovitaminosis D.

CLINICAL USE

Many different preparations of VPA are available, 
although not all preparations are available in all coun-
tries. Preparations of VPA include valproic acid capsules, 
tablets, and syrup (immediate release), enteric-coated tab-
lets of sodium valproate or sodium hydrogen divalproate 
(divalproex sodium) (delayed release), divalproex sodium 
enteric-coated sprinkles, extended-release oral prepara-
tions, magnesium valproate and valpromide (the amide 
of VPA) for oral administration, valproate supposito-
ries, and a parenteral formulation of sodium valproate 
for intravenous use. The sprinkles consist of capsules 
containing enteric-coated particles of divalproex sodium. 
These capsules can be swallowed as such, or they can be 
opened and the contents can be sprinkled on food. This 
is a convenient formulation for younger children.

An initial VPA dose of approximately 15 mg/kg/day 
is recommended, with subsequent dose increases, as nec-
essary and as tolerated, by 5 to 10 mg/kg/day at weekly 
intervals. The optimal VPA dose or concentration may 
vary according to the patient’s seizure type (234). Daily doses 
between 10 and 20 mg/kg are often sufficient for VPA 
monotherapy in primary generalized epilepsies (50, 80, 81, 
89). Children may require higher doses in milligrams per 
kilogram of body weight per day (56, 79). Doses of 30 to 
60 mg/kg/day (in children even more than 100 mg/kg/day) 
may be necessary to achieve adequate VPA levels in patients 
who are also taking enzyme-inducing AEDs. If therapeutic 
levels of VPA are to be achieved rapidly or in patients who 
are unable to take oral medications, VPA can be admin-
istered intravenously (235, 236). This route has also been 
suggested for the treatment of status epilepticus (237–242), 
with an initial dose of 15 mg/kg followed by 1 mg/kg/hr 
(243), but more rapid administration, up to 6 mg/kg/min, 
has been successfully given (244). In those receiving intra-
venous replacement therapy or bolus dosing, subsequent 
administration should be given within 6 hours because of 
the precipitous fall in levels and return of clinical symptoms. 
Because of the relatively short elimination half-life of VPA, 
it is common practice to divide the daily dose into two or 
three single doses. However, the pharmacodynamic profile 
of VPA may explain why equally good results were achieved 
with a single daily dose of VPA (79, 245, 246).

The value of serum levels of VPA is relatively lim-
ited. First, there is a considerable fluctuation in VPA 
levels because of the short half-life, and the reproduc-
ibility in a given patient is not good. Second, there seems 
to be a poor correlation between VPA serum levels and 
clinical effect at a given time, because the pharmaco-
dynamic effect of VPA may lag significantly behind its 
blood concentrations (81, 100, 247, 248). Although the 
recommended therapeutic range for VPA serum levels is 
usually 50 to 100 mg/L (350–700 µmol/L), levels up to 
150 mg/L are often both necessary and well tolerated. 
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In selected cases, and particularly during combination 
therapy with enzyme-inducing drugs, serum VPA levels 
can be valuable, but the result of a single measurement 
has limited value and must be interpreted cautiously 
(249). In patients receiving chronic VPA therapy, it is 
common practice to monitor routinely liver enzymes 

and complete blood count with platelets, at least 1 to 3 
months after initiation, and then about every 6 months 
if results are normal. Severe hepatotoxicity is unlikely 
to be detected by routine monitoring of liver enzymes, 
and hematologic abnormalities are more likely to be 
discovered.
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Vigabatrin

amma-aminobutyric acid (GABA) 
is the major inhibitory neurotrans-
mitter in the mammalian brain. 
Vigabatrin (gamma-vinyl-GABA, 

4-amino-5-hexenoic acid; VGB) was synthesized in 1974 
as a structural GABA analog with a vinyl appendage. 
The aim was to achieve an enzyme-activated inhibition 
of GABA catabolism (1). It has been regarded as a prime 
example of a drug developed on a rational scientific basis 
for treatment of a disease (2). VGB was first marketed 
as an antiepileptic drug (AED) for adults in the United 
Kingdom in 1989 and thereafter in most European coun-
tries (3). The application was extended in 1990 to the use 
of VGB in children suffering from refractory epilepsy, 
and later to its use as monotherapy for infantile spasms. 
Although VGB has been approved in over 65 countries 
worldwide, its usage has declined after the detection of 
persistent peripheral visual field defects (VFD) in up to 
more than 50% of the patients, with restrictions in its 
approval.

CHEMISTRY

VGB is a white to off-white crystalline amino acid that 
is highly water soluble and only slightly soluble in etha-
nol and methanol. The molecular weight is 129.16, and 

Günter Krämer
Gabriele Wohlrab

the conversion factor is 7.75 (mg/L � 7.75 	 �mol/L).
VGB exists as a racemic mixture of S(�)- and R(–)-
enantiomers in equal proportions. The S(�)-enantiomer
is responsible for the pharmacologic action, whereas the 
R(–)-enantiomer is inactive (4, 5). The only available 
forms of VGB are oral formulations (tablets and sachets, 
containing 500 mg).

ANIMAL PHARMACOLOGY

The anticonvulsant effect of VGB has been demonstrated 
in numerous animal models. Whereas it is inactive in mod-
els such as maximal electroshock or pentylenetetrazol, 
it protects against bicuculline-induced myoclonic activ-
ity, strychnine-induced tonic seizures, isoniazid-induced 
generalized seizures, audiogenic seizures in mice, light-
induced seizures in the baboon, and amygdala-kindled 
seizures in the rat (6).

The usual animal preclinical safety studies carried 
out in rats, mice, dogs, and monkeys demonstrated no 
significant adverse effects on the liver, kidney, lung, heart, 
or gastrointestinal tract. Studies revealed no evidence of 
mutagenic or carcinogenic effects. However, in the brain, 
microvacuolation has been observed in white matter tracts 
of rats, mice, and dogs at doses of 30–50 mg/kg/day. In 
the monkey, these lesions were minimal or equivocal. 

G
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This effect is caused by a separation of the outer lamellar 
sheath of myelinated fibers, a change characteristic of 
intramyelinic edema. In both rats and dogs the intramy-
elinic edema was reversible upon discontinuation of VGB, 
and even with continued treatment histologic regression 
was observed. In rodents, minor residual changes consist-
ing of swollen axons and mineralized microbodies have 
been observed (7, 8).

VGB-associated retinotoxicity has been observed in 
albino rats, but not in pigmented rats, dogs, or monkeys. 
The retinal changes in albino rats were characterized as 
focal or multifocal disorganization of the outer nuclear 
layer with displacement of nuclei into the rod and cone 
area. The other layers of the retina were not affected. 
Although the histologic appearance of these lesions was 
similar to that found in albino rats following excessive 
exposure to light, the retinal changes may also represent 
a direct drug-induced effect (7).

Although there is no evidence of intramyelinic 
edema in humans, the U.S. Food and Drug Administra-
tion (FDA) halted clinical studies with VGB in the United 
States because of these findings for 5 years between 1983 
and 1988. Tests done to confirm lack of significant adverse 
effect on neurologic function include evoked potentials, 
computed tomography (CT) and magnetic resonance 
imaging (MRI) scans, cerebrospinal fluid (CSF) analy-
ses, and, in a small number of cases, neuropathologic 
examinations of brain specimens (8, 9).

Further animal experiments have shown that VGB 
has no negative influence on fertility or pup development. 
No teratogenicity was seen in rats at doses up to 150 mg/kg 
(three times the human dose) or in rabbits in doses up to 
100 mg/kg. However, in rabbits, a slight increase in the 
incidence of cleft palate at doses of 150–200 mg/kg was 
seen. Therefore, the usage of VGB is not recommended 
for women with childbearing potential (10).

In neonatal rat brains, the application of VGB (50, 
100, or 200 mg/kg twice daily on three consecutive days) 
elicited apoptotic neurodegeneration in a dose-dependent 
manner at a threshold dose of 100 mg/kg of body weight. 
However, the same apoptotic processes have also been 
shown for other AEDs such as valproate (VPA), phe-
nytoin (PHT), and phenobarbital, which are commonly 
used AEDs in pediatric epilepsies (11, 12).

MECHANISM OF ACTION

VGB acts by replacing GABA as a substrate of GABA-
transaminase (GABA-T) (13). However, because VGB 
possesses an inert appendage at the gamma-position, it 
prevents the transamination of GABA to form succinic 
acid semialdehyde by irreversible and covalent binding 
to GABA-T, causing its permanent inactivation (14, 15). 
This results in prolonged elevation of brain GABA levels 

without any major influence on other enzymes involved in 
GABA synthesis and metabolism. The effect is maximal 
3 to 4 hours after administration and maintained for at 
least 24 hours. Thus, the major pharmacologic effects of 
VGB are determined not by the half-life of the drug itself 
but by that of GABA-T. Restoration of normal enzyme 
activity by resynthesis after withdrawal of VGB takes sev-
eral days (16). In addition, VGB significantly reduces the 
activity of the plasma alanine aminotransferase (ALAT) 
between 20% and 100% (17, 18).

In patients with epilepsy, a dose-related (up to 3 g/day) 
elevation of free GABA, total GABA, and homocarnosine 
(a dipeptide of GABA) CSF levels could be demonstrated 
(19). 1H-MR spectroscopy has shown that the brain 
GABA content in the occipital region of patients with 
epilepsy increased two- to threefold (20–22). Increasing 
VGB dosage from 3 to 6 g/day did not result in a further 
increase in brain GABA concentrations, most probably 
because of a feedback inhibition of glutamic acid decar-
boxylase (GAD), the GABA-synthesizing enzyme, at high 
GABA concentrations.

In young children no studies of GABA levels in CSF 
during VGB treatment have been performed, and GABA 
levels in brain have not been measured by MR spectros-
copy. In a study using 11C-flumazenil (FMZ)-positron 
emission tomography (PET) imaging, 15 children (age 
1–8 years) with drug-resistant epilepsy were studied to 
determine whether prolonged treatment with VGB inter-
feres with age-related changes of in-vivo GABAA-receptor 
bindings (23). Seven of these children were treated with 
VGB (1,000–2,500 mg/day) for at least 3 months, used as 
add-on therapy with one other AED. Eight age-matched 
children, treated with one to three other AEDs, were 
used as a control group. The VGB-treated children were 
observed to have significantly lower hemispheric FMZ 
volume of distribution (Vd) in all cortical regions and 
the cerebellum. This led to the conclusion that VGB 
induces a decrease in GABAA-receptor binding in the 
cortex and cerebellum of the developing epileptic brain. 
Further studies of this age-specific drug effect concern-
ing the reversibility and functional consequences are 
urgently needed because of the important role of the 
GABAergic system in developmental nervous system 
plasticity.

BIOTRANSFORMATION, 
PHARMACOKINETICS, AND DRUG 

INTERACTIONS IN HUMANS

Pharmacokinetics

Infants and Children. VGB is rapidly and almost com-
pletely absorbed from the gastrointestinal tract. Absorp-
tion is faster and more complete in older than in younger 
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children, and therefore, the bioavailability of the drug 
is higher. Accordingly, the area under the curve (AUC) 
values for both isomers are significantly lower in infants 
than in children, which in turn are lower than in adults. 
A pharmacokinetic study after a single racemic 50 mg/kg 
VGB dose in six infants (5–24 months) and six children 
(4–14 years) with intractable epilepsy showed results com-
parable to those in adults for the children, mainly with 
regard to the elimination of the active S(�)-enantiomer, 
which seems to be age independent (24). In contrast to 
adults, in whom tmax of the inactive R(–)-enantiomer is 
about twice that of the active S(�)-enantiomer, no differ-
ences were found for tmax of the two allosteric forms in 
children. However, the mean AUC of the R(–)-enantiomer 
was also significantly greater. Larger apparent volumes of 
distribution (V/F values) were found for the active S(�)-
enantiomer only in younger children. No differences were 
observed between infants and children aged 4 to 14 years. 
Smaller V/F values have been measured in adults.

Although the drug-metabolizing capacity is reduced 
in newborns—particularly in those born prematurely—
and increases rapidly during the first weeks of life, the 
mean values of Cmax and AUC were significantly lower for 
the active S(�)-enantiomer following single oral doses of 
125 mg of VGB racemate in six neonates. No difference 
was found for the time to reach peak plasma concentra-
tions (tmax). Repeated administration of 125 mg twice 
daily over 4 days showed no evidence of accumulation 
of either enantiomer (25).

In children, the renal excretion of unchanged drug 
is the main route of elimination; no metabolites of 
VGB have been identified. The mean t1/2 of the S(�)-
enantiomer is significantly longer than that of the inactive 
R(–)-enantiomer, but only in younger children (26). The 
t1/2 and clearance (CL/F) values are shorter and higher 
in young children.

In conclusion, despite lower AUC values in children, 
pharmacokinetics of VGB appeared to be little influenced 
by age, and VGB accumulation during multiple dose 
administration (5 days) did not occur (24). These findings 
support the use of similar doses per kilogram according 
to age between 1 month and 15 years of age.

Adults. Food does not influence absorption (27), and 
peak plasma concentrations (Cmax) are reached within 
0.5 to 2 hours after single doses (28). Areas under the 
plasma concentration time curve (AUC) as well as Cmax
indicate linear pharmacokinetics over the dose range of 
0.5 to 4 g. VGB is widely distributed in the body with 
a volume of distribution of 0.8 L/kg; levels in the cere-
brospinal fluid (CSF) are approximately 10% of those 
in the blood (29).

VGB is neither bound to proteins nor does it influ-
ence the protein binding of other drugs or cytochrome 
P450-dependent enzymes. Elimination is primarily renal 

with a renal clearance of unchanged drug accounting 
for 60% to 70% of the total clearance, which indicates 
an oral bioavailability of at least that magnitude. The 
elimination half-life (t1/2) is between 5 and 7 hours, but 
in patients taking hepatic enzyme-inducing drugs, slightly 
shorter half-life values of 4–6 hours have been observed 
(29, 30).

Because about 60% of the drug is removed from the 
blood during hemodialysis, VGB should be administered 
thereafter (31). The passage of both enantiomers of VGB 
across the human placenta is slow, and the concentration 
ratio in breast milk compared to plasma for the active 
S(�)-enantiomer is below 0.5 (32).

Drug Interactions

VGB has no effect on the plasma concentrations of 
VPA (33) and felbamate (FBM) (34). Usually there is also 
no effect on carbamazepine (CBZ) levels, but an increase 
of up to 27% has been described by two authors (35, 36), 
who studied pediatric and adult patients. A decrease of 
up to 50% was observed by other investigators (37, 38). 
After a latency of some weeks VGB reduces PHT levels 
about 25% without altered absorption (39) or plasma 
protein binding (40). In children with epilepsy, the drop 
of PHT levels can be even more pronounced (41). Serum 
levels of phenobarbital and primidone can also be slightly 
reduced by VGB (30). VPA has no effect on VGB plasma 
levels (33), and this has also been described for the other 
established AEDs (42), although a shorter half-life of VGB 
in patients on enzyme-inducing drugs has been observed 
(29, 30). FBM leads to a slight increase of the active 
S(�)-enantiomer (34). Regarding other drugs than AEDs, 
VGB has no effect on oral steroid contraceptives (43), 
and there is no information on effects of other drugs on 
VGB (44).

Drug Monitoring

VGB can be determined in biologic fluids by high-
performance liquid chromatography (HPLC) and gas 
chromatography–mass spectroscopy (45). A sensitive 
HPLC method for the simultaneous determination of 
VGB and gabapentin (GBP) in serum and urine has been 
described (46). The value of plasma level determinations 
for therapeutic drug monitoring of VGB is mainly lim-
ited because of its mechanism of action, with irrevers-
ible enzyme inhibition resulting in a biologic half-life 
of several days. Consequently, in a study of 16 children 
with refractory epilepsy there was no strong correla-
tion between VGB dosages, plasma concentrations, and 
clinical efficacy. Those patients who responded to VGB 
showed a good correlation between seizure reduction 
and VGB dosage, but there was no positive correlation 
between seizure reduction and either inhibition of platelet 
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GABA-T activity or plasma concentration (47). This was 
confirmed by another study in 36 patients with VGB dos-
ages between 1,000 and 4,000 mg/day (48). Correspond-
ingly, a proposed tentative target range for the serum 
concentration of VGB of between 6 and 278 µmol/L is 
very broad (49).

CLINICAL EFFICACY

Infants and Children

Partial and Generalized Epilepsies. Following the “usual 
clinical procedure” to test new AEDs, VGB has been 
used in refractory epilepsies as an add-on medication 
to approved AEDs. In most countries, no randomized, 
placebo-controlled, double-blind trials (evidence class I) 
in infants and children were published before approval, 
which was granted on the basis of compassionate expe-
rience and open-label studies. Small open trials (41, 
50–59) resulted in a response with �50% reduction 
in seizure frequency in 23% to 89% of patients. The 
efficacy was generally similar to that reported in adults. 
One prospective study (58), encompassing 175 children 
(neonates, children, and adolescents from age 1 week 
to 19 years) with partial seizures, led to about 30% 
of patients becoming seizure free and 70% achieving 
a �50% reduction in seizure frequency. The highest 
percentage of responders was found in patients with 
tuberous sclerosis complex (85%), and the lowest in 
patients with tumors (45%). VGB was effective against 
both simple and complex partial seizures and secondary 
generalization.

A randomized withdrawal study of placebo (VGB 
blindly stopped) versus VGB (continued) in children who 
had responded earlier to VGB was published by Chiron 
et al. (60). The seizure frequency was compared to the 
prerandomization period. A more than 50% increase in 
seizure frequency induced drop out. The patients remain-
ing in the study were more numerous (93%) than on pla-
cebo (46%)(P � 0.01) and seizure frequency was lower 
on VGB than placebo (P � 0.05).

Two dose-response studies performed in a total of 81 
children with refractory epilepsy (61, 62) demonstrated 
an optimal efficacy with a dose between 40 and 80 mg/kg/
day (mean, 60 mg/kg/day), which is slightly higher than 
in adults (35–65 mg/kg/day). Further increase of the dose 
in nonresponders, although well tolerated, did not result 
in a higher number of patients being controlled. On the 
basis of pharmacokinetic and dose-response studies, the 
following dosage regimen for children was recommended 
and approved: starting dose: 40 mg/kg/day, increasing to 
80 to 100 mg/kg/day, depending on response.

The satisfying results obtained with VGB in children 
with drug-resistant epilepsy have prompted some 

investigators to use it as first-line treatment in partial 
epilepsy. Three open, prospective and randomized studies 
with a follow-up of 6 months, and 2 years, respectively 
(63–65; evidence class III), compared the efficacy of VGB 
(n 	 104) and CBZ (n 	 100) in monotherapy in newly 
diagnosed children with partial epilepsy. Both therapeutic 
groups included patients with idiopathic, cryptogenic, 
and symptomatic partial epilepsy at comparable levels. 
In these trials the evaluation of the efficacy of VGB and 
CBZ did not reveal any significant differences. Interictal 
electroencephalographic (EEG) abnormalities decreased 
in VGB patients more than in CBZ patients. In conclu-
sion, VGB seemed to be an effective AED as primary 
monotherapy in partial childhood epilepsy.

Long-term efficacy data of VGB treatment in chil-
dren up to 10 years of age have also been published. One 
of these studies investigated a cohort of 196 children with 
drug-resistant epilepsy and VGB as add-on therapy over a 
period of 1.5 to 5.5 years (66). The evaluation of the long-
term prognosis was focused on the incidence of increased 
seizure frequency, loss of efficacy, and appearance of new 
seizure types. Increase of seizure frequency occurred in 
only 10% of patients, with half occurring during the 
first month of treatment. Patients with atypical absences 
had the highest incidence of increase in seizure frequency 
(38%) compared with less than 8% of those with partial 
seizures. Nonprogressive myoclonic epilepsy and Lennox-
Gastaut syndrome (LGS) showed the greatest increase 
in seizure frequency, 38% and 29%, respectively. Loss 
of efficacy was reported in 12% of children who were 
taking VGB (25–50% of responders, some of whom had 
been seizure free). Three-quarters of these patients had 
never had their seizures controlled prior to the introduc-
tion of VGB. Loss of efficacy was not connected to any 
specific seizure type except atypical absences and clonic 
seizures. The average time reported for loss of efficacy 
was 7 months. In 38%, the loss of efficacy was simultane-
ous to an attempt to decrease concomitant antiepileptic 
medication. Eleven percent of the children developed new 
seizure types, mainly myoclonic and new partial seizures, 
after a very variable time lag. Partial seizures were better 
tolerated than the initial seizure type and had little impact 
on the patient’s overall clinical development.

Based on the long-term study of patients with intrac-
table epilepsies of childhood, a sustained beneficial effect 
of VGB on seizure frequency can be expected in children 
with partial rather than with generalized seizures. A com-
parison of lamotrigine (LTG; n 	 132), VGB (n 	 80), 
and GBP (n 	 39) as add-on therapy in children with 
intractable epilepsy was performed in a 10-year follow-
up study (67). Thirty-tree percent of the children taking 
LTG were seizure free or had a sustained reduction of 
seizure frequency of �50%. In contrast, only 19% of 
the VGB and 15% of the GBP-group still responded to 
the additional drug. The main difference was found in 
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patients with generalized epilepsy, respectively, in patients 
classified as having LGS, myoclonic-astatic epilepsy, or 
unclassified epilepsies. On the other hand, no significant 
difference in efficacy was found in children with partial 
seizures.

The long-term retention rate seems to be lower for 
VGB than for LTG in children with difficult-to-treat epi-
lepsies (68). Comparing efficacy and retention at 5 years 
in an open label study, the initial efficacy showed no 
difference (VGB n 	 56, responder 32%; LTG n 	 39, 
responder 28%) after 6 weeks, and 4 months, respec-
tively. In contrast, the retention at 5 years was still 25.6% 
in the LTG group, but was reduced to 8.9% in the VGB 
group. A loss of efficacy occurred in 10 of the initial 18 
responders, usually within the first 9 months after initial 
response.

Several anecdotal case reports have described 
favorable effects in neonatal seizures due to Ohtahara 
syndrome (69), partial seizures in Sturge-Weber syn-
drome (70), Landau-Kleffner syndrome (71), and 
infantile spasms in Down syndrome (72) as well as an 
improved outcome in Aicardi syndrome (73). However, 
the numbers of patients in these reports are too small 
for a meaningful analysis.

In conclusion, VGB has proved to be a useful AED 
for add-on treatment of partial seizures with and without 
secondary generalization, refractory to first-line AEDs. 
Loss of efficacy, increase of seizures in specific seizure 
types, and side effects (see following) must be kept in 
mind. The following studies allow for a better defini-
tion of the profile of activity of VGB in different types 
of drug-resistant epilepsies, including the epileptic syn-
dromes specific to childhood and for the assessment of 
the tolerability of VGB in children.

Infantile Spasms (West Syndrome). One single random-
ized placebo-controlled study provided class I evidence 
for the efficacy of VGB in infantile spasms (IS) (74). 
This trial, which included children with newly diag-
nosed IS (n 	 20 in each group) showed that at the end 
of the 5-day double-blind phase, seven (35%) patients 
treated with VGB were spasm free and five (25%) had 
resolution of hypsarrhythmia compared with two (10%) 
and one (5%), respectively, in the placebo-group (P 	
0.063). Relapse was seen in four (20%) of the VGB-
treated patients. At the end of the study 42% of the 36 
patients who entered the open phase were spasm free with 
VGB monotherapy. No patient withdrew from the study 
because of side effects.

In addition, three randomized controlled studies 
provide class III evidence. The first class III study (75) 
compared VGB (100–150 mg/kg/day) with adrenocorti-
cotropic hormone (ACTH or tetracosactide; 10 IU/day) 
as first-line therapy in 42 infants with IS. The alternative 
drug was administered in nonresponders (within 20 days) 

or in case of intolerance to the initial therapy. Cessation 
of IS was observed in 48% (11 of 23) of the VGB-treated 
patients and 74% (14 of 19) of those treated with ACTH. 
The response to VGB was seen within 14 days. Follow-
up data for up to 44 months showed only one relapse. 
In the ACTH group six patients showed a relapse 40–45 
days after cessation of ACTH and replacement by a ben-
zodiazepine.

In a multicenter study (76) including 142 patients, 
spasms ceased completely within 2 weeks in 23% of the 
patients, and this effect increased to 65% by the end 
of a 3-month open label period. Infants were randomly 
assigned to receive low-dose (18–36 mg/kg/day) or high-
dose (100–148 mg/kg/day) treatment. A marked dif-
ference in response in dependency to the VGB dosage 
was observed. Within the first 2 weeks, 8 of 75 patients 
(10.6%) of the low-dose and 24 of 67 (35.8%) of the 
high-dose group responded. The response increased con-
siderably during the follow-up period (42% at 4 weeks, 
55% at 2 months, and 65% at 3 months), in the course 
of which the infants allocated to the high-dose treatment 
showed an earlier cessation of spasms.

The third class III study was a multicenter, ran-
domized controlled trial comparing VGB with predniso-
lone or tetracosactide in a 14-day trial and a 14-month 
follow-up (77, 78). Of 52 patients randomized to the VGB 
group, 28 (54%) were spasm free within 2 weeks. The 
efficacy of VGB was lower than for the hormone-treated 
patients, with 21 of 30 (70%) of the patients receiving 
prednisolone and 19 of 25 (76%) assigned tetracosactide 
becoming spasm free. Adverse events were reported in 28 
of 52 (54%) infants taking VGB, mainly drowsiness and 
gastrointestinal complaints. Thirty of 55 (55%) children 
taking hormonal treatment suffered from side effects, 
mainly irritability and gastrointestinal problems as well. 
Of the 55 infants allocated to hormonal treatment, 27 
received VGB after day 14 because of failure to achieve 
cessation of spasms (12 of 27), seizure relapse (14 of 
27), and one for treatment of focal seizures, respectively. 
Of the 52 primarily given VGB, 22 received a hormone 
therapy, 3 due to a relapse. The response rate was 9 of 
12 (75%) for VGB and 14 of 19 for hormone treatment, 
respectively. There were five deaths during the follow-up 
period. One child died of Staphylococcus aureus septi-
cemia on day 15 of treatment with prednisolone. The 
deaths of the other four children were related to their 
underlying disease.

Except for the low dose option performed by the 
U.S. Infantile Spasms Vigabatrin Study Group (76), all 
prospective studies used cessation of IS by caregiver 
observation as the primary efficacy endpoint. Initial doses 
of VGB varied between 50 and 150 mg/kg/day, but in 
all studies dose was titrated up to 150 mg/kg/day. The 
relapse rate in these four randomized controlled studies 
ranged from 8% to 20%.
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In addition to these controlled studies, there have 
been many reports on VGB treatment in newly diagnosed 
or refractory IS. They included different patient groups 
regarding symptomatic or cryptogenic etiology. In six 
open label uncontrolled prospective (class IV) observa-
tions (79–84) with between 23 and 116 enrolled patients, 
the overall response rate varied between 26% and 66.7%. 
For cryptogenic cases the response ranged from 50% to 
100%, and for infants with symptomatic West syndrome 
from 19% to 57%. The relapse rate was low, ranging 
from a single case to 14%. The percentage of complete 
cessation of IS without relapse was comparable for newly 
diagnosed patients, 43% (81) and 45% (80), and refrac-
tory patients, 43% (85) and 48% (79).

In a retrospective survey of the safety and efficacy 
data from IS patients treated initially with VGB mono-
therapy at 59 European centers (86), the dosage varied 
from 20 to 400 mg/kg/day (mean dose, 99 mg/kg/day) and 
the duration of therapy ranged from 0.2 to 28.6 months. 
Complete disappearance of IS was reported in 131 of 192 
(68%) of the patients. Treatment with VGB did not result 
in any improvement in 24 (12.5%) of the patients and 
1 patient deteriorated. Of the subgroups of IS types, patients 
with tuberous sclerosis had the highest response rate (27 
of 28 	 97%), followed by patients with cryptogenic IS 
(69.4%) and symptomatic IS of other causes (59.7%). 
Infants younger than 3 months at the onset responded 
better (18 of 20 infants, 90%) than those with a later sei-
zure onset (65%). Of the 131 patients with complete initial 
response to VGB, 28 (21.3%) relapsed at a mean period 
of 4 months. There were few adverse events reported, and 
they were generally mild (somnolence, insomnia, hypoto-
nia, hyperkinesia). Therefore drug withdrawal was neces-
sary only in a few patients (�1%).

In all studies the time from initiation of therapy to 
cessation of spasms ranged from 2 to a maximum of 35 
days, and sometimes was observed after only 1 or 2 doses. 
The placebo-controlled studies performed by Vigevano 
and Eltermann (75, 76) as well as several different open-
label studies (81, 82) proposed a 2-week cutoff for quali-
fying responders. The time to EEG response was 7 to 35 
days and 11% to 83% of the children had resolution of 
hypsarrhythmia.

The prospective studies cited used VGB in dosages 
between 18 and 200 mg/kg/day. Mitchell and Shah (87) 
presumed a dose-independent response to VGB in infan-
tile spasms. They reported a complete cessation of infan-
tile spasms and resolution of hypsarrhythmia at doses 
ranging from 25 to 135 mg/kg/day in 12 of 20 patients. 
In contrast an Asian study (88) mentioned a relapse rate 
of 56% within 6 months, in all patients who received 
a reduced dosage (average, 59 mg/kg/day) in compari-
son to the initial dose. It was concluded that at least 
70 mg/kg/day will be necessary to achieve adequate sei-
zure control.

Tuberous Sclerosis Complex. VGB has been found most 
effective in the treatment of IS due to tuberous sclerosis 
complex (TSC). This has been shown in a multicenter 
retrospective survey (86), which showed a response rate 
of 96% (27 of 28 children obtained a complete cessation 
of spasms). These results were confirmed by a prospec-
tive randomized trial comparing VGB and hydrocorti-
sone (89). The monotherapy study in 22 newly diagnosed 
patients with IS and confirmed diagnosis of tuberous 
sclerosis was performed with an optional crossover for 
nonresponders. It showed a highly significant differ-
ence between oral hydrocortisone (15 mg/kg/day) and 
VGB (150 mg/kg/day) both before and after crossover. 
In patients taking VGB the efficacy was 100% (11 of 
11), whereas it was less than half (5 of 11) for patients 
taking hydrocortisone. All 7 patients who crossed from 
hydrocortisone to VGB (6 for inefficacy, 1 for adverse 
events) also became completely seizure free. In addition, 
there was a statistically significant difference for the mean 
time to disappearance of IS favoring VGB (3.5 days vs. 
13 days), and side effects were less common.

Hancock and Osborne (90) reviewed 16 studies with 
77 patients with TCS investigating the use of VGB in IS. 
Of the 313 patients without TCS, 170 (54%) had com-
plete cessation of their IS; of the 77 patients with TCS, 
73 (95%) had complete cessation. They concluded that 
VGB should be considered as first-line monotherapy for 
the treatment of IS in infants with either a confirmed 
diagnosis of TCS or those at high risk, that is, those with 
a first-degree relative with TCS. In a later review the 
same authors (91) concluded that they found no single 
treatment to be proven to be more efficacious in treating 
IS than any of the others, with the exception of VGB in 
the treatment of IS in TCS in one underpowered study. 
Other researchers found that the VGB-induced cessation 
of the spasms was associated with a marked improvement 
of behavior and mental development (92). They hypoth-
esized that the complete cessation of the generalized epi-
leptic phenomena of IS seems to be a key factor for the 
mental outcome, even when partial seizures persist.

The particular efficacy of VGB in TSC suggests 
that the epileptogenesis in TSC may be related to the 
impairment of GABAergic transmission. However, the 
mechanisms underlying this etiology-related efficacy 
are still unknown (93). In TSC, seizures have a focal 
or a multifocal origin. IS might represent the second-
ary generalization of partial seizures and VGB may be 
especially able to control this secondary generalization 
(85). Summarizing the relevant data, Riikonen (94), who 
prefers steroid therapy in IS of other etiology, suggests 
VGB as the treatment of choice in IS caused by TSC. This 
opinion is shared by some other authors (95) but not 
by all. Recent U.S. practice parameters for the medical 
treatment of IS include the following two recommen-
dations (96): (1) Vigabatrin is possibly effective for the 
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short-term treatment of infantile spasms (level C, class 
III and IV evidence); (2) vigabatrin is also possibly effec-
tive for the short-term treatment of infantile spasms in 
the majority of children with tuberous sclerosis (level C, 
class III and IV evidence).

Lennox-Gastaut Syndrome. In the treatment of children 
with Lennox-Gastaut syndrome (LGS), study results have 
been controversial and the interpretation of the results 
has been difficult. LGS is characterized by multiple sei-
zure types that are frequently not analyzed individually 
in terms of VGB response. In the first European open, 
add-on, noncontrolled clinical study, 26 children with 
LGS were included. Good seizure response was observed 
in less than 30% (6 of 26), and 13 of 26 were unchanged 
or even worse (50). Only a small number of children 
with LGS has been included in other studies, and most 
of them have not been regarded as treatment successes: 
In a single-blind, placebo-controlled trial (62), 2 of 7 
showed a greater than 50% seizure reduction, but 2 
showed increases in seizure frequency. Other small stud-
ies reported a good response in 3 of 6 (51), or none of 
6 patients (97).

A good response rate to VGB in LGS was observed 
in only one open add-on study (98). Twenty children 
aged 2 to 20 years with refractory LGS were first 
treated with high-level VPA monotherapy, and after-
wards for 12 months with add-on VGB. Eighty-five 
percent experienced a more than 50% reduction in 
seizures and 40% became seizure free under VGB. A 
decrease of at least 50% was observed in all seizure 
types (tonic, atonic, atypical absences, tonic-clonic, 
and complex partial seizures), except myoclonic sei-
zures, which increased by 5%. VGB may therefore have 
a limited role as add-on treatment in the management 
of LGS but not in case of myoclonic seizures as the 
main seizure type.

Adults

Clinical studies with VGB have included more than 
2,000 adult patients. After initial open and single-blind 
dose-finding studies, several randomized, double-blind, 
placebo-controlled crossover studies in adult patients 
with refractory partial epilepsies and add-on therapy 
with VGB were conducted.

An early Australian study in 97 patients with 
uncontrolled partial seizures comparing 2 and 3 g/day 
showed a similar efficacy, with 42% of the patients 
experiencing a 50% or greater reduction of their seizure 
frequency in comparison to placebo (	responders). In 
addition, the number of seizure-free days and longest 
seizure-free period were significantly longer during 
VGB and more patients had less severe and shorter 
seizures (99).

In addition to crossover studies, several double-
blind, placebo-controlled parallel group studies were 
carried out. The therapeutic efficacy of VGB add-on in 
treatment-resistant epilepsy, as assessed as the percent-
age of patients having at least a 50% reduction in sei-
zure frequency, was quite similar across the studies, with 
about 40% of patients being responders (for review of 
the earlier studies see references 100–102). In the first of 
more recent studies from the United States, 92 patients 
received VGB 3 g/day add-on and were compared to 90 
patients in the placebo group (103). Significantly more 
patients receiving VGB were responders with 50% to 
99% reduction of seizure frequency (37% vs. 18%) or 
seizure freedom (6% vs. 1%). The second study examined 
three different VGB daily doses (1, 3, or 6 g) in a total 
of 174 patients (104). Whereas only 7% in the placebo 
group were responders, the corresponding figures for the 
VGB groups were 24%, 51%, and 54%.

A double-blind, double-dummy substitution trial 
comparing add-on VGB (2–4 g daily) and VPA (1–2 g 
daily) in CBZ-resistant partial epilepsy allowing with-
drawal of CBZ in responders showed similar percent-
ages of responders (53% vs. 51%) and maintenance of 
alternative monotherapy (27% vs. 31%) (105).

Two open, single-center randomized monotherapy 
studies using CBZ as comparator included 100 (106) and 
51 patients (107), respectively. Both studies failed to show 
differences in efficacy but demonstrated a more favorable 
side-effect profile of VGB (prior to the knowledge of VFD 
related to VGB). In addition, several open, long-term 
studies on the add-on use of VGB in adult patients with 
treatment-resistant partial epilepsy have been reported. 
The length of the follow-up varied between 9 and 
78 weeks. Most of the patients included had a favorable 
initial response to VGB, which was maintained in 22% 
to 75% of the patients.

More recently, two larger randomized, double-blind, 
parallel-group studies have been carried out to compare 
the efficacy of VGB as monotherapy with CBZ and VPA 
in newly diagnosed epilepsy. In the VGB/CBZ study, 53% 
of the 229 patients receiving 2 g of VGB daily and 57% of 
the 230 patients receiving 600 mg of CBZ daily achieved 
a 6-month period of remission. However, significantly 
more patients receiving VGB withdrew due to lack of 
efficacy than with CBZ, and time to first seizure after 
the first 6 weeks from randomization also showed CBZ 
to be more effective. It was concluded that VGB cannot 
be recommended as a first-line drug for monotherapy of 
newly diagnosed partial epilepsies (108).

In the VGB/VPA study in a total of 215 patients 
(age range, 12–76 years), an initial open monotherapy 
with CBZ was followed by a blinded add-on of VGB 
(1–4 g/day) or VPA (0.5–2 g/day), and polytherapy in 
those patients resistant to optimal CBZ monotherapy 
before CBZ was withdrawn and monotherapy with VGB 
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or VPA was maintained in the final study phase. The 
therapeutic efficacy was similar for the two study drugs 
(109).

In most double-blind trials in adults, the daily dose 
of VGB was 2 to 3 g. Initial studies suggested that 1 g 
might also have some therapeutic efficacy, and there are 
patients who benefit from doses of 4 g or more. In the 
U.S. study comparing daily doses of 1, 3, and 6 g, no 
improvement in efficacy was observed in patients given 
6 g versus 3 g, but side effects increased substantially 
(104). Although VGB is usually administered twice daily, 
a double-blind pilot study in 50 patients comparing once-
daily versus twice-daily add-on administration demon-
strated no statistical difference (110).

During long-term treatment with VGB, development 
of tolerance after an initially beneficial effect is observed 
in about one-third (111) of the patients.

ADVERSE EFFECTS

In humans, based on histopathologic findings from 
autopsies and surgical brain samples of patients with an 
estimated 350,000 patient-years of VBG exposure, no 
definite case of VGB-induced intramyelinic edema cor-
responding to the animal data (presented in the section on 
animal pharmacology) has been identified (112). A single 
observation reported about normal ophthalmologic and 
neurologic findings in two children, investigated at the 
age of 6.10 and 7.9 years, who were exposed to VGB 
prenatally (113).

Most side effects during VGB treatment are usually 
mild and well tolerated even with high doses. In adults 
and older children, fatigue, drowsiness, dizziness, nystag-
mus, agitation, amnesia, abnormal vision, ataxia, weight 
increase, confusion, depression, and diarrhea were most 
often reported (104). In children and infants receiving 
VGB, drowsiness, somnolence, insomnia, hyperexcitabil-
ity and agitation, weight gain, and hypertonia or hypo-
tonia were the most frequently reported adverse events 
(9, 51, 114). A VGB-induced encephalopathy with stu-
por, confusion, and EEG slowing has been described in 
single cases (115–117), one of them suffering from an 
underlying leukodystrophy (Morbus Alexander).

An adverse event possibly related to the GABAergic 
mechanism of action is an increased incidence of psychosis 
(118), sometimes as forced normalization. A retrospective 
survey of behavior disorders in 81 patients described 50 
cases meeting the criteria for either psychosis (n 	 28) or 
depression (n 	 22). A comparison with psychotic events 
in epilepsy patients never treated with VGB described an 
increased risk for more severe epilepsies, right-sided EEG 
focus, and suppression of seizures (119). A formal testing 
of mood disturbances in 73 adult patients with refractory 
epilepsy before and under treatment with VGB revealed 

that mood problems were the main reason for discon-
tinuation (120). Repeated testing with a series of eight 
cognitive measures in a double-blind, placebo-controlled, 
parallel group dose-response study in patients with dif-
ficult to control focal seizures detected a decreased per-
formance in only one cognitive test (Digit Cancellation 
Test) (121).

A review of U.S. and non-U.S. double-blind, placebo-
controlled trials of VGB as add-on therapy for refrac-
tory partial epilepsy in a total of 717 patients revealed a 
significantly higher incidence of depression and psychosis 
without differences between treatment groups for aggres-
sive reactions, manic symptoms, agitation, emotional 
lability, anxiety, or suicide attempt (122). Depression 
and psychosis were usually observed during the first 
3 months. Depression was usually mild, and psychosis 
was reported to respond to reduction or discontinuation 
of VGB or to treatment with neuroleptics.

As a secondary effect of treatment with VGB a sig-
nificant increase of alpha-aminoadipic acid in plasma 
and urine occurs that may mimic alpha-aminoadipic 
aciduria, a known rare metabolic disease. Therefore, 
when a genetic metabolic disease is suspected, amino acid 
chromatography should be performed before initiation 
of VGB treatment (123). In addition, VGB can interfere 
with urinary amino acid analysis through inhibition of 
catabolism of beta-alanine (124).

In 1997, three patients with severe, symptomatic, 
persistent visual field constriction (VFC) associated with 
the use of VGB were described (125). In the meantime 
it has been demonstrated that VFC is a very common 
side effect of VGB, at least in adults, and is associated 
with retinal cone system dysfunction (126). The most 
important data for adult patients are from a randomized 
monotherapy trial in newly diagnosed patients compar-
ing VGB and CBZ (127). Of 32 patients receiving long-
term VGB monotherapy, 13 (40%) had concentric VFC. 
The main reason it took almost a decade to detect this 
severe neurotoxicity has been that the vast majority of 
even severe defects were asymptomatic. However, in the 
meantime, it could be demonstrated that in the absence 
of spontaneous complaints about VFC, symptoms can 
be elicited by structured questioning, at least in adult 
patients (128).

Because VGB is often administered during different 
developmental stages at even higher doses (related to the 
body weight) and formal visual field testing is often dif-
ficult or even impossible, the risk of VGB-induced VFC 
is a major challenge for pediatric patients with epilepsy. 
Several case reports have confirmed the possibility of 
their occurrence in childhood. Based on an observation of 
2 patients (129), Vanhatalo et al (130) performed Gold-
man kinetic perimetry tests on 91 visually asymptomatic 
Finnish children (age 5.6 to 17.9 years) with a history 
of VGB treatment at any level. Visual field constriction 
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(VFC), defined as visual field extent �70 degrees in the 
temporal median, was considered abnormal. This finding 
was observed in repeated test sessions in 17 of 91 children 
(18.7%). A significant inverse correlation was empha-
sized between the temporal extent of the visual fields and 
the total dose and the duration of VGB treatment. The 
shortest duration of VGB treatment associated with VCF 
was 15 months, the lowest total dosage 914 g. There was 
no correlation found with age at treatment onset or with 
total duration of the treatment.

Comparable results were reported in case reports 
using the same investigation procedure but encompass-
ing smaller patient numbers. Ianetti et al (131) reported 
4 of 21 children with VFC, prevailing in the nasal hemi-
field. One child showed a greater improvement after drug 
discontinuation. In further reports the range of abnor-
mal findings was 5 of 12 children (41.6%) (132) and 
10 of 14 children (71.4%) (133). In 4 of these cases, 
there was a preexisting visual pathway damage, and in 
2 of these, optic disc pallor increased in association with 
constricted visual fields (133). A prospective long-term 
follow-up study investigated 29 children before VGB 
treatment and at 6-month periods up to 6.5 years and 
reported a variation of ocular pathology (retinal pigmen-
tation, hypopigmented retinal spots, vascular sheathing, 
and optic atrophy) in 4 of 29 patients (19%) during the 
follow-up period. Perimetry was not performed (134). In 
addition to retinotoxic effects of VGB, a reduced ocular 
blood flow has been described (135).

In an interventional case series report, 138 patients, 
mainly infants, were evaluated regularly for evidence of 
possible VGB toxicity (136). Sequential clinical and elec-
troretinographic (ERG) evaluations were performed every 
6 months. Three children showed definite clinical findings 
of peripheral retinal nerve fiber layer atrophy, with rela-
tive sparing of the central or macular portion of the retina 
and relative nasal optic nerve atrophic changes. Some 
macular wrinkling was evident in one case. Progressive 
ERG changes showing decreased responses, especially 
the 30-Hz flicker response, supported the presence of 
decreased retinal function. The authors concluded that a 
recognizable and characteristic form of peripheral retinal 
atrophy and nasal or “inverse” optic disc atrophy can 
occur in a small number of children being treated with 
VGB. Because these changes are accompanied by electro-
physiologic evidence of retinal dysfunction, discontinua-
tion of VGB should be strongly considered.

Reversibility of VFC has been described in a few pedi-
atric and adult patients, verified by repeated examinations 
(137–140). Versino and Veggiotti described a 10-year-old 
girl, developing clinical symptoms (“bumping into objects”) 
2 years after starting VGB treatment. Symptoms ceased 
5 months after VGB discontinuation and perimetry signifi-
cantly improved. On the other hand, due to the difficulties 
in testing children, improvement in perimetry examinations 

might be an artifact of a learning effect. Nevertheless, from a 
cognitive age of 9 years on, perimetry seems to be the most 
sensitive modality for identifying VGB toxicity (141). Abnor-
mal ERG (142) and field-specific visual-evoked potentials 
(VEP), as described by Spencer and Harding (143), may be 
useful in monitoring children who are too young to cooper-
ate for perimetry or who are handicapped.

Currently the minimum duration and doses of VGB 
treatment that can produce side effects are unknown. Short-
course therapy, for instance of 6 months in children with 
IS (72), might reduce the risk of developing visual field 
constriction. However, today there are no clear data about 
the incidence of VFC in children treated with VGB for IS 
during infancy and early childhood. If VGB treatment is 
continued in spite of the establishment of VFC, there seems 
to be no progression in the majority of patients, which led 
to the hypothesis that VGB-associated VFC may be an idio-
syncratic rather than dose-dependent toxic side effect (144). 
Recent U.S. practice parameters for the medical treatment 
of IS recommend serial ophthalmologic screening. However, 
data are insufficient to make recommendations regarding 
the frequency or type of screening that would be of value 
in reducing the prevalence of this complication in children 
(level U, class IV studies) (96).

In addition to the persistent VFC, discrete nonhem-
orrhagic focal lesions in the splenium of the corpus cal-
losum have been described in six patients with epilepsy 
and treatment with VGB or PHTor both. In two of the 
patients, the lesions disappeared on follow-up MRI after 
withdrawal of VGB, PHT, or both (145).

The precipitation or exacerbation of myoclonic sei-
zures, absence seizures, and nonconvulsive status have 
been reported (146, 147). Therefore, the prescription of 
VGB in idiopathic generalized epilepsies is not recom-
mended and has been mentioned as a contraindication 
in some countries. The main mechanism of aggravation 
of epilepsy is the occurrence of an inverse pharmacody-
namic effect. Children treated for epilepsy are particularly 
likely to suffer from paradoxical aggravation as a result 
of medical intervention (148). Comparable to CBZ, VGB 
therapy in patients with idiopathic generalized epilepsies 
(IGE), for instance in typical or atypical absence seizures, 
can result in an increase in absence seizure frequency and 
in absence status (66, 149). Myoclonic seizures are gener-
ally aggravated by the same drugs that aggravate IGEs. 
Induction and increase of myoclonic seizures, myoclonic-
astatic seizures, and absence seizures are described par-
ticularly in children with Angelman syndrome (150).

CONCLUSION

VGB shows good pharmacokinetic properties with rapid 
onset of action and mostly tolerable side effects, espe-
cially in infancy. VGB is a very efficient AED in infants 
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with IS, especially caused by TSC. In infants with IS, who 
responded to VGB, the drug could be withdrawn without 
a relapse after a spasm-free period of 6 months (limited 
data). In addition, VGB has proved to be an efficacious 
AED for partial seizures with and without secondary gener-
alization, previously drug resistant to first-line AEDs. VGB 
is still a therapeutic option when other AEDs have failed 
or were poorly tolerated. However, the concern of severe 
of concentric VFC requires a careful risk-benefit analysis 
and some recent authors have omitted VGB as a treatment 
option in children with partial epilepsies (151).

Guidelines for prescribing VGB in children (152) 
may help in deciding whether to prescribe the drug. They, 
along with others, recommend performing visual field 

examination with a Goldman perimeter or a Humphrey 
field analyzer in children with a cognitive age of �9 years 
before prescribing VGB and, ideally, every 6 months while 
they continue to take the drug.

A clear statement concerning the indication for VGB 
in children is made by Wallace (153). She declared that 
“in clinical use, VGB should be prescribed only in very 
strictly defined circumstances: partial seizures refractory 
to other medications, and infantile spasms. Particular 
caution is necessary, when VGB is being considered in 
a young child who either is known to have, or is at risk 
of having, a visual defect due to other causes. Though, 
obviously, those who already have no vision would not 
be excluded from treatment with VGB.”
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Vitamins, Herbs,
and Other Alternative 
Therapies

omplementary and alternative med-
icine (CAM) is increasing in popu-
larity. In 1997, CAM costs in the 
United States were close to $50 bil-

lion (1). In a 2002 survey of more than 30,000 U.S. adults, 
62% reported using CAM therapy in the past year (2). 
The most common were prayer, natural products, deep 
breathing exercises, meditation, chiropractic care, yoga, 
massage, and diet-based therapies. CAM is used by 20% 
to 25% of parents for their children (3–5), with com-
mon forms being vitamin supplements, other nutritional 
supplements or elimination diets, herbs, homeopathy, 
prayer, massage, and aromatherapy (3, 5–7).

In a Canadian pediatric neurology clinic, CAM was 
used by 44% of the children (8). The most common CAM 
therapies were chiropractic manipulations (15%), dietary 
therapy (12%), herbal remedies (8%), homeopathy (8%), 
and prayer or faith healing (8%). Caregivers’ sociode-
mographic variables or pediatric health-related quality 
of life was not significantly associated with CAM use. 
Parents reported benefits in 59% of CAM-treated chil-
dren. Side effects were reported in 1 of 46 patients. Its 
use in children with certain chronic illnesses is 50% to 
70% (9). A survey of parents of children with cerebral 
palsy showed that 56% used one or more CAMs (10). 
Notably, an increased severity of cerebral palsy corre-
lated with the increased use of CAM. CAM is used in an 
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estimated 14% to 32% of children with epilepsy (11). 
As with other pediatric groups, we have observed higher 
rates of CAM use in children with refractory epilepsy.

As CAM use rises in both pediatric and adult 
patients, a large communication gap exists between 
lay persons and traditional health care providers. 
Although pediatricians and pediatric subspecialists rec-
ognize that many patients use or are interested in CAM 
therapies, many do not feel comfortable discussing or 
recommending them (12, 13). Fewer than 40% of parents 
report CAM use to pediatricians (4). The exact frequency 
of alternative medicine use among children is difficult to 
ascertain largely because the majority of parents do not 
disclose their use of these substances to their children’s 
medical providers. Individuals may feel that their com-
plaints will not be taken seriously or that they will be 
made to feel that their actions are irrational in regard 
to alternative medicine. Parents are also concerned that 
others may think they are harming their children. The 
decision to use alternative medicine also depends on the 
cultural or religious beliefs of the families.

In this chapter we review some of the many com-
plementary and alternative therapies used for epilepsy 
(Table 55-1). A recent, multiauthored volume on CAM 
in epilepsy summarizes many of the relevant findings (6). 
Many studies focus on adult patients, making extrapola-
tion to pediatric populations problematic. In any case, 
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reliable information on specific CAMs in epilepsy is 
lacking, making refutations difficult or clear recommen-
dations impossible. Claims for efficacy often outstrip the 
available data.

STRESS

Stress is associated with a diverse set of conditions that 
can cause or aggravate many disorders. Stress is reported 
as a provocative factor for seizures by both patients and 
physicians (14). In self-report studies, stress is a leading 
seizure precipitant (15, 16). Both emotional and physi-
cal stressors may be involved. However, the scientific 
study of stress and seizures is difficult because stress 
is subjective and difficult to quantify, can indirectly affect 
seizure activity (e.g., hyperventilation, sleep deprivation, 

and medication noncompliance), and can be induced by 
seizures and the social-emotional consequences of epi-
lepsy. Further, electroencephalograms (EEGs) recorded 
while the patient is under stress do not show increased 
epileptic activity (17).

Stress affects individuals to different degrees, rang-
ing from clinically significant anxiety disorders to prob-
lems of everyday life that seem overwhelming. Epilepsy 
patients with clinical anxiety disorders should be referred 
for psychologic or psychiatric care. A psychologist, social 
worker, or other mental health professional can use behav-
ioral strategies to reduce stress and improve emotional 
well-being and adjustment (6 pp. 25–32). Anxiolytic or 
antidepressant agents are underused in epilepsy patients 
owing to underdiagnosis and inflated fear of seizure exac-
erbation with selective serotonin reuptake inhibitors or 
other agents (e.g., buspirone) (18). Benzodiazepines can 
be valuable short-term agents, but withdrawal seizures 
are a concern in patients with epilepsy. For all epilepsy 
patients with anxiety symptoms, however, nonpharma-
cologic approaches are worth pursuing.

Many CAM therapies for epilepsy focus on stress 
reduction. Reducing stress and its physiologic effects can 
be achieved through a variety of techniques, such as 
exercise (19), yoga (6, 20), and specific relaxation tech-
niques, such as progressive muscle relaxation (21). Few 
controlled studies exist to demonstrate the efficacy of 
these therapies. In small, uncontrolled studies, exercise 
either reduced seizure frequency (19, 22, 23) or had no 
significant effect on it (24, 25). However, exercise may also 
induce seizures (26–28). A nonblinded study showed that 
epilepsy patients who performed Sahaja yoga reduced their 
seizure frequency by 86% and showed fewer signs of stress, 
whereas those who did simulated yoga or had no inter-
vention had no significant reductions (29). This study has 
not been replicated. Given the high frequency with which 
patients report stress as a provocative factor for seizures, 
stress reduction is a reasonable goal for patients.

PSYCHOTHERAPY

Psychotherapy can help manage specific psychologic 
problems as well as reveal how social interactions and 
self-perception contribute to stress. Group psychoeduca-
tional therapy (30–32), interpersonal psychotherapy (6, 
33), and cognitive behavioral therapy (34–36) are used 
in adult and pediatric patients with epilepsy. Small studies 
with limited data support their effectiveness in reducing 
seizure frequency (37). In one uncontrolled study (38), 
16 patients with refractory epilepsy learned behavioral 
techniques to interrupt the beginning of a seizure and 
to “neutralize provoking factors.” Self-reported seizure 
reductions of at least 60% were reported by 80% of 
the participants. Psychotherapy is also used to treat 

TABLE 55-1
Common Forms of Complementary and 

Alternative Medicine Therapies

Acupuncture*
Aromatherapy
Ayurveda*
Biofeedback*
Chelation therapy*
Chiropractic care*
Craniosacral care*
Deep breathing exercises
Diet-based therapies
 Atkins diet
 Ketogenic diet
 Low glycemic diet
Energy healing therapy*
Folk medicine*
Guided imagery
Herbs
Homeopathic treatment
Hypnosis*
Massage*
Meditation
Megavitamin therapy
Minerals
Naturopathy*
Neurofeedback*
Prayer
Progressive relaxation
Qi gong
Reiki*
Self-healing ritual
Tai chi
Vitamins
Yoga 

*These therapies require the involvement of a practitioner.
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psychogenic, nonepileptic seizures (39, 40). Cognitive-
behavioral interventions may help epileptic patients with 
anxiety and depression (35).

FEEDBACK THERAPY

Andrews-Reiter Method

The Andrews-Reiter method, developed by Donna 
Andrews and Joel Reiter, was a new comprehensive 
neurobehavioral approach for using biofeedback to treat 
epilepsy. Their initial positive results from six patients 
with refractory complex partial seizures (41) were rep-
licated at the Victoria Epilepsy Center (MacKinnon J, 
personal communication, 2002) and others (42, 43). The 
Andrews-Reiter method was developed to treat patients 
with refractory epilepsy and antiepileptic drug (AED) 
side effects who declined surgery or were not good can-
didates for it. This approach targets the onset of seizures 
in developing preventive techniques (44).

An essential part of the Andrews-Reiter treatment 
is to change the patient’s response to preseizure warnings 
and auras by recognizing them and instituting a new, 
seizure-preventing response (6). Triggers may be physical 
(e.g., chemical imbalance, disturbed sleep, and missed 
medication), external (people, places, or situations that 
cause pressure or stress), or internal (emotional reactions 
and stressful states). The Andrews-Reiter treatment pro-
gram includes cognitive and behavioral counseling to 
reduce seizure activity through enhanced awareness of 
premonitory or aura symptoms, identifying emotional, 
behavioral, physiologic, or environmental mechanisms 
that trigger seizure activity, progressive relaxation and 
reinforcement, deep diaphragmatic breathing, and EEG 
and electromyographic (EMG) biofeedback (44).

Neurofeedback Therapy

Operant conditioning of the EEG (i.e., neurofeedback 
or neurotherapy) is a noninvasive treatment for patients 
with refractory epilepsy. Neurofeedback may increase 
the seizure threshold through producing EEG changes. 
Initially, a quantitative EEG assessment is obtained to iden-
tify abnormal regions that can be targeted during treat-
ment. Neurofeedback is a learning procedure with the goal 
of altering recorded EEG patterns. It is based on the law of 
effect, that is, provide positive reinforcement of EEG pat-
terns that approach a normal configuration, and negative 
reinforcement of abnormal (epileptic) EEG patterns. In 
practice, a computer processes the EEG signals, identifies 
the critical components, and then modifies a display on 
a screen in front of the patient, which provides an inte-
grated response dependent upon the EEG pattern. This 
process can be reduced to a simple game involving the 

completion of a task followed by the scoring of points. 
For children, these points can lead to meaningful rewards, 
such as privileges or money. The ultimate reward is learn-
ing to change the underlying circuitry of the brain to raise 
the seizure threshold. Although a natural consequence of 
neurofeedback is relaxation, it is not a relaxation tech-
nique; on the contrary, neurofeedback is more akin to a 
“cerebral workout” (6).

In animal studies, increasing the sensorimotor 
rhythm through operant conditioning eliminated or 
significantly reduced seizures induced by convulsant 
chemical compounds (45). In other animal experiments, 
sensorimotor rhythm training increased sleep spindles 
and improved sleep organization (46). These findings led 
to a pilot study of neurofeedback for a boy with refrac-
tory tonic-clonic seizures; he became seizure free after 
3 months (47).

The clinical data on neurofeedback is based on 
uncontrolled, nonblinded studies in which operant con-
ditioning reduced seizure frequency by over 50% and also 
reduced seizure severity (6). There is no relation between 
AED levels and the outcome of the conditioning (6). Stud-
ies using sham feedback, relaxation training, or alternate 
EEG criteria for reward showed no benefits.

Neurofeedback is an expensive and time-consuming 
process. It can be administered in 1-hour sessions, one to 
three times per week for periods ranging from 3 months 
to more than 1 year. It is usually about $100 per session 
and is often covered by health insurance under the “out-
patient mental health” benefit (6).

Craniosacral Therapy

Craniosacral therapy was created by Dr. William Suther-
land in the early 1900s to examine, assess, and correct 
cranial bone movements (6). Current practice focuses on 
the cranial and sacral bones and the membrane structures 
that connect them. This system is hypothesized to have a 
craniosacral rhythm, created by the flow of cerebrospinal 
fluid through the membrane complex.

A practitioner of craniosacral therapy assesses this 
rhythm and seeks to treat subtle imbalances in the ner-
vous and skeletomuscular systems to restore health. A 
minimal amount of force (approximately the weight of a 
nickel) over a long period of time (30 seconds to several 
minutes) is used during craniosacral therapy. Widespread 
regions of the body, including many soft tissue structures, 
are often treated (6).

Although craniosacral therapy is used to treat epi-
lepsy, there have been no controlled trials. The technique 
can probably reduce stress and muscular tension, but 
evidence to support the specific craniosacral rhythm mech-
anism of action is lacking. The reliability of palpating a 
craniosacral rhythm is poor between practitioners (48, 49). 
This fundamental skill is the basis of therapy. In one 
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study (49), two registered osteopaths with postgradu-
ate training in craniosacral techniques simultaneously 
palpated the head and sacrum of 11 normal subjects. 
Intrarater reliability at either the head or the sacrum was 
fair to good (correlation coefficients, 0.52�0.73). Inter-
examiner reliability was poor to nonexistent (correlation 
coefficients, �0.09�0.31).

VITAMINS

The use of vitamins, minerals, and other dietary sup-
plements in the care of children with epilepsy takes 
multiple forms, including treatment of seizures in the 
case of vitamin-deficient or vitamin-dependent seizure 
disorders involving, for example, pyridoxine, biotin, and 
folinic acid, the replacement or supplementation of vita-
min stores, such as folate and carnitine, depleted by the 
adverse effects of AEDs, and the use of multivitamins for 
general health maintenance.

Biotin

Biotin, a water-soluble B vitamin, was discovered to be 
an essential nutrient in the 1930s, when animal studies 
of diets containing large quantities of raw egg whites 
resulted in toxicity manifested by severe dermatitis, hair 
loss, and poor motor coordination. Biotin administra-
tion reversed the symptoms. Subsequently, avidin, a 
glycoprotein in egg whites, was found to irreversibly bind 
biotin, preventing its absorption. Cooking eggs destroys 
the ability of avidin to bind biotin.

Biotin deficiency, which is rare, can result from eat-
ing raw eggs, total parenteral nutrition without biotin 
supplementation, AED use, and prolonged antibiotic use. 
Antiepileptic medications associated with biotin deficiency 
include phenytoin, primidone, and carbamazepine; these 
agents can inhibit transport across the intestinal mucosa 
and accelerate the metabolism of biotin. Alteration of 
intestinal flora results in biotin deficiency with antibiotic 
use. Human biotin deficiency is manifested by seborrheic 
dermatitis, fungal infections, a perioral, erythematous, 
macular rash, fine brittle hair, hair loss, depression, men-
tal status changes, myalgias, and paresthesias.

In addition to biotin therapy to counteract the 
adverse effects of AEDs, biotin is used to treat seizures 
secondary to biotinidase deficiency. Biocytin, the product 
of proteolysis of biotin-containing proteins and peptides, 
is cleaved by biotinidase into lysine and biotin, which 
is then free to be absorbed across the intestinal mucosa 
and used in multiple carboxylation reactions. Mutation 
of the gene that encodes for biotinidase is localized to 
chromosome 3p25 and results in seizures, ataxia, neu-
ropathy, auditory dysfunction, breathing irregularities, 
and optic atrophy, as well as skin rashes, hair loss, and 

chronic candidiasis. Seizures are the presenting symp-
tom in 38% of patients with biotinidase deficiency and 
are found in up to 55% of patients at some time before 
treatment (50). Generalized seizures (tonic-clonic, clonic, 
and myoclonic) and infantile spasms can occur (51, 52). 
Biotinidase deficiency is readily screened for by enzyme 
assay, and is part of newborn screening in many states 
and countries around the world. Recommended daily 
treatment is 5 to10 mg of biotin.

Pyridoxine

Pyridoxine, or vitamin B6, is a cofactor involved in the 
metabolism of amino acids and multiple neurotransmit-
ters, including gamma-aminobutyric acid (GABA). Glu-
tamate decarboxylase, the enzyme responsible for the 
conversion of glutamate to GABA, requires pyridoxine. 
Insufficient concentrations of pyridoxine or glutamate 
decarboxylase dysfunction result in diminished pro-
duction of GABA and increased concentrations of the 
excitatory neurotransmitter glutamate, producing cir-
cumstances favoring seizure activity. Seizures associated 
with pyridoxine are classified as pyridoxine deficient, 
pyridoxine dependent, or pyridoxine responsive.

Pyridoxine-deficient seizures were first reported in 
1950 when children given a diet lacking in pyridoxine 
experienced seizures that resolved rapidly with intravenous 
doses of 50 mg pyridoxine (53). Later case reports were 
associated with baby formulas containing insufficient levels 
of pyridoxine. Vitamin B6-deficient seizures typically begin 
in the first 4 months of life. The seizures are refractory to 
AEDs, and a family history of seizures is unlikely. These 
seizures typically respond to a single dose of pyridoxine 
(1–5 mg) and do not recur if dietary intake is adequate.

Neonatal seizures refractory to standard AEDs are 
the characteristic manifestation of pyridoxine-dependent 
epilepsy, a rare genetic disorder that can present as late 
as the second year of life. These neonatal seizures may 
take the form of partial, atonic, or generalized myoclonic 
episodes, as well as infantile spasms (54). Status epilepti-
cus or seizures may occur in utero. EEG findings include 
focal, multifocal, and generalized epileptiform discharges. 
If seizures in early life are resistant to standard treat-
ment, consider pyridoxine-dependent seizures and give 
an intravenous dose of 50 to 100 mg of pyridoxine. The 
response to pyridoxine may be dramatic and rapid; EEG 
monitoring during administration may reveal an abrupt 
cessation of seizure activity. Children responding to the 
intravenous dose of vitamin B6 should then be maintained 
on daily supplementation to ensure seizure control and 
promote normal development. Confirmation of the diag-
nosis requires cessation of treatment with recurrence of 
seizure activity, then restarting vitamin B6 and regaining 
a seizure-free state. An atypical form of pyridoxine-dependent 
seizures characterized by later onset may be manifested by 
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seizures with febrile illness and episodes of status epilepticus. 
Intravenous pyridoxal phosphate, the active form of vitamin 
B6, may be more effective than the oral form of pyridoxine 
in treating pyridoxine-dependent seizures (55).

Pyridoxine-responsive seizures were first described 
in 1968 (56). Pyridoxine is used to treat infantile spasms 
associated with diminished GABA concentrations in chil-
dren and evidence of pyridoxine deficiency. There are 
no randomized, controlled trials of this use, but two 
prospective, open-label studies of pyridoxine treatment 
for infantile spasms revealed response rates of 13% to 
29% (57, 58), raising the question of whether response 
to pyridoxine therapy exceeds the spontaneous remis-
sion rate. Data are insufficient to determine whether 
vitamin B6 is effective in treating infantile spasms (59).

Folate

Folate is another vitamin that plays an important role 
in the health care of individuals with epilepsy, primarily 
in relation to AED side effects and the care of women 
of childbearing age, but also in the treatment of seizures 
in rare metabolic disorders. Folate is essential for DNA 
synthesis, and inadequate concentrations are associ-
ated with an increased risk of fetal neural tube defects. 
Certain AEDs (phenytoin, carbamazepine, and barbi-
turates) can decrease folate absorption. The American 
College of Obstetricians and Gynecologists in 1996 and 
the American Academy of Neurology in 1998 published 
statements recommending folate supplementation in 
women with a history of a previous pregnancy affected by 
a neural tube defect and girls and women of childbearing 
age with epilepsy. Dosage recommendations range from 
0.4 to 4 mg daily. Folate deficiency is also associated with 
elevated homocysteine levels, which increase the risk of 
cardiovascular disease in both men and women.

Seizures are associated with two disorders of folate 
activity, cerebral folate deficiency, and folinic acid-
responsive seizures. Folinic acid-responsive seizures are 
most often noted in the neonatal period. The medically 
refractory seizures are at times mistakenly thought to be 
related to perinatal hypoxic-ischemic injury because of 
the presence of atrophy and abnormalities of the white 
matter seen on magnetic resonance imaging (MRI) of the 
brain. Analysis of cerebrospinal fluid with high-perfor-
mance liquid chromatography revealed an as yet uniden-
tified compound (60). Seizures responded to treatment 
within 24 hours of folinic acid administration.

AMINO ACIDS AND SUPPLEMENTS

Gamma-Aminobutyric Acid

The fact that GABA is an inhibitory neurotransmitter 
has led to both the development of aids that enhance 

the effect of GABA and attempts to increase its cerebral 
concentrations via oral supplementation. GABA is not 
well absorbed across the blood-brain barrier, even when 
nitric oxide and other free radicals thought to increase the 
permeability of the blood-brain barrier are used simulta-
neously, and increased brain GABA levels are not known 
to affect seizure activity (61, 62).

Carnosine

Research into the use of carnosine in the treatment of 
epilepsy has led to conflicting results. In one study (63), 
higher levels of homocarnosine were found in children 
with refractory epilepsy than in those with medically 
controlled epilepsy. In other studies (64, 65), greater 
concentrations of homocarnosine were associated with 
better seizure control. The usefulness of carnosine in the 
treatment of epilepsy remains uncertain.

Taurine

Taurine is an amino acid that acts as an inhibitory neu-
rotransmitter in multiple metabolic pathways, includ-
ing cell membrane stabilization, regulation of cellular 
calcium levels, and detoxification. Genetic variations 
of taurine metabolism occur in some epilepsies (66).
Although taurine in higher concentrations is associated 
with lower seizure susceptibility, and in lower concentra-
tions with increased seizure activity, there is no conclusive 
evidence that taurine supplementation improves seizure 
control (67). One unblinded study of 25 children with 
intractable epilepsy treated with taurine reported com-
plete seizure control in only 1 patient, a greater than 50% 
decrease of seizure frequency in another, and a less than 
50% decrease of seizures in 4 patients, but no effect in 
18 patients (68). No more than transient effects were noted 
in another unblinded study of 9 patients with intractable 
seizures. Five patients were seizure free for about 2 weeks, 
seizure frequency was temporarily reduced by 25% in 
1 patient, and no effect was noted in the remaining 3 
patients (69).

Carnitine

Treatment of mice with carnitine before exposure to a pro-
convulsant agent had a protective effect on the brain, with 
reduced seizure frequency noted, but no human research 
has shown similar results (70). Carnitine- deficient states 
can be associated with the use of valproate. Clinically 
significant carnitine deficiency is not common, but may 
be associated with fatigue, weakness, cardiomyopathy, 
hypotonia, poor growth, and hyperammonemia. Carni-
tine supplementation is recommended for patients with 
deficiency syndromes, but the use of carnitine prophy-
lactically is not advised (71).
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Glycine

Glycine, another inhibitory neurotransmitter, may reduce 
seizure frequency at a dose of 200 mg a day (72), and 
one study showed a reduction of seizures provoked by 
strychnine in animals (73). However, most reports show 
no significant anticonvulsant effect of glycine (74, 75).

HERBS

The use of herbal therapy has dramatically increased 
during the last decade. Despite their common use, lit-
tle is known about the efficacy or side effects of these 
compounds. This is due not only to the paucity of con-
trolled trials and rigorous research, but also to the lack 
of an oversight agency. Moreover, side effects tend to go 
unreported, or their incidence can be increased by the 
lack of knowledge on proper dosing and administration, 
misidentification of a particular herb, or poor manufac-
turing and quality control. New studies are in progress, 
but long-term effects will not be known for many years. 
The lack of information on these supplements makes it 
even more difficult for the practitioner to advise patients 
appropriately. Nevertheless, from increasing experience, 
knowledge about these substances continues to expand. 
Most of the available information must be adapted from 
the adult population, keeping in mind the unique dif-
ferences in the physiology and underlying conditions of 
the pediatric population. Extreme caution must be taken 
when these substances are a component of treatment, 
because they can have profound side effects, negatively 
affect other conventional medications, or worsen preex-
isting conditions. All herbs have potential risks and side 
effects during pregnancy and, in particular, can negatively 
affect the unborn fetus; therefore their use during preg-
nancy and lactation is contraindicated (76).

Many popular herbs have been used in patients with 
epilepsy, but the mechanisms of their antiseizure activity 
are often unknown. Some herbs in toxic doses may actu-
ally provoke seizures. Comorbid conditions should be 
taken into account, because many of these supplements 
may interact with other medications or may be contra-
indicated in certain individuals. Of note, blue cohosh 
(Caulophyllum thalictroides) is an herb that has some 
properties similar to those of nicotine and is primarily 
used to induce labor. Its seeds are bright blue and eye-
catching to children, who are at particular risk for poison-
ing if they ingest larger than recommended quantities (76). 
It is beyond the scope of this chapter to describe each 
individual herb in detail. Table 55-2 provides information 
about some of the more popular herbs.

Kava (Piper methysticum) is used for the allevia-
tion of anxiety. It can also be used as an antiepileptic 
supplement. It potentially exhibits various mechanisms 

of action, including the inhibition of L-type calcium 
channels and sodium channels, increase of K� outward 
current, and enhancement of GABAergic inhibitory neu-
rotransmission in animal studies (77). Although many 
studies have evaluated its efficacy in anxiety, there are 
few large studies involving patients with epilepsy. Kava’s 
toxicity is increased when it is combined with alcohol, 
benzodiazepines, and barbiturates (78). Cases of hepa-
totoxicity have been reported. Its use is contraindicated 
in children less than 12 years of age.

Gotu kola (Centella asiatica) has a variety of uses. 
Animal studies suggest that it is protective against sei-
zures via action at D2 receptors and possible cholinergic 
mechanisms, and it delays penetylenetetrazol-induced 
seizures. Some reports suggest that this herb may also 
improve children’s cognitive status, but the sample sizes 
were small (76).

More than 30 herbs have been found to block sei-
zures in animal experiments (79). Mistletoe (Viscum), 
for example, is protective against pentylenetetrazol- and 
bicuculline-induced seizures in animal models (80), but 
has no significant effect in the N-methyl-D-aspartic acid 
(NMDA) tonic seizure model. Data from human stud-
ies, however, are insufficient to recommend its use. It 
is an extremely toxic substance that may cause cardiac, 
neurologic, and gastrointestinal side effects.

Some herbs should not be used despite their popu-
larity. Ginkgo biloba has been grown in China for more 
than 200 years. Typically, it is used in the treatment of 
cognitive deficits such as in Alzheimer’s and multi-infarct 
dementia. It is believed to act as a free-radical scavenger. 
It reportedly can reduce the seizure threshold, induce 
seizures, or both (81). Ginkgo biloba should be avoided 
in patients with epilepsy because it can decrease the effec-
tiveness of certain AEDs, including carbamazepine, phe-
nytoin, and phenobarbital (81). The herb should not be 
used in individuals taking tricyclic antidepressants, which 
can also lower the seizure threshold (81). Ginkgo biloba
must be used with caution in patients taking anticoagu-
lants because of possible bleeding (82, 83).

Valerian (Valeriana officinalis) is commonly used as 
an anxiolytic and sleep aid. It is thought to inhibit the deg-
radation and reuptake of GABA. Studies on its efficacy, 
safety, and potential drug interactions are sparse. Because 
valerian binds to the same receptors as benzodiazepines 
and may cause sedation, it should not be combined 
with benzodiazepines or sedatives such as barbiturates. 
Tremor, headache, cardiac disturbances, and gastrointes-
tinal upset have been reported in patients using valerian 
in high doses or for a prolonged period of time (84).

Primrose oil and borage, both used for various con-
ditions, are known to lower the seizure threshold (81). 
Another widely used herb, St. John’s wort, which is used 
to treat depression, is believed to inhibit GABA and 
other neurotransmitters. Theoretically, this mechanism 
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can make seizures worse (84). Herbs containing thu-
jone, such as wormwood and sage, which are used to 
treat gastrointestinal disorders, may have proconvul-
sant effects. Table 55-3 lists some herbs that may cause 
seizures.

Some herbs can interfere with the hepatic P450 system 
(Table 55-4) and, when used together with antiepileptic 
medications, produce toxic side effects or decrease their 
effectiveness. Other herbs can lower anticonvulsant levels 
or otherwise interact with AEDs (Table 55-5).

MELATONIN

Melatonin is an indolamine that is synthesized from 
tryptophan in the pineal gland. It is released in a cir-
cadian pattern, with peak levels in the early morning 
hours (85). Its apparent main function is to signal the 
brain to induce sleep. Melatonin is used for a variety of 
conditions, including sleep disorders, jet lag, and autism. 
By regulating sleep patterns it appears to be helpful in 
attaining better seizure control, and from animal models, 
melatonin is helpful in preventing seizure-related brain 

damage. A variety of proposed mechanisms are thought 
to account for melatonin’s antiepileptic effect. It appears 
to increase GABA’s concentration in the brain and pro-
tects against seizure-induced brain damage by inhibiting 
calcium influx into neurons and by free-radical scaveng-
ing properties (86–89). When given orally, its blood 
concentration peaks within 1 hour, and usually returns 
to baseline within 4 to 8 hours (90).

Melatonin’s effectiveness has been shown in ani-
mal models. It inhibits kainic acid-induced seizures 
in rats. It also inhibits lipid peroxidation, is a potent 
free-radical scavenger, and reduces seizure-induced 
brain damage (91). Melatonin also blocks potassium 
cyanide-induced seizures in mice (92). Melatonin stimu-
lates brain glutathione peroxidase activity, which is an 
antioxidative enzyme that metabolizes the precursor 
of the hydroxyl and peroxyl radicals to water. It also 
raises the electroconvulsive threshold in animal models 
and potentiates the anticonvulsive activity of carbam-
azepine and phenobarbital (93). In addition, melato-
nin significantly reduces neurobehavioral changes in 
mice, as well as morphologic changes in association 
with seizures, mostly in the CA3 region of the rat hip-
pocampus (94).

Most clinical studies have looked at the use of mela-
tonin in a limited number of subjects. Its effectiveness 
and safety profile in epilepsy patients was supported by 
several open-label trials. Peled et al (95) found that five 
of six children with intractable epilepsy had significant 
improvement not only in seizure control but also in their 
cognitive function. Bazil et al (96) showed that patients 
with epilepsy had a peak level of melatonin that was 50% 
of controls’ peak level and that the peak occurred 3 hours 
before that of controls. Some studies have shown a lack of 
melatonin’s efficacy, which may be related to inadequate 
dosing or other factors (97, 98).

TABLE 55-3
Herbs That May Cause Seizures

Bearberry (Arcostaphylos uva-ursi)
Borage (Borago officinalis)
Ephedra (Ephedra sinica)
Gingko (Gingko biloba)
Ginseng (Panax ginseng)
Ma Huang (Herba ephedra)
Monkshood (Aconitum sp.)
Primrose (Oenothera biennis)
Yohimbe (Pausinystalia yohimbe)

TABLE 55-4
Herbs That Inhibit the P450 System

American hellebore
Chamomile
Echinacea
Garlic
Licorice
Milk thistle
Mugwort
Pipsissewa
Pycnogel
St. John’s wort*
Trifolium pratense (red clover)

*Effect on the P450 system is controversial.

TABLE 55-5
Herbs and Their Effects on Antiepileptic Drugs

HERB DRUG EFFECT

Septilin Carbamazepine Decreases drug
   level
Sho-seiryu-to  Carbamazepine Delays drug
   absorption
Paeoniae radix Phenytoin Delays drug
   absorption
Thujone  Phenobarbital Reduces drug 
 (wormwood, sage)   efficacy
Ginkgo Phenytoin,  Reduces
  phenobarbital,   drug efficacy
  carbamazepine
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PHYTOTHERAPY

Practitioners of phytotherapy believe that there is an 
imbalance in the body and that specific herbs may restore 
this balance. Many plants are known for their anticon-
vulsant properties. Approximately 150 preparations of 
plants have been investigated. Individual plants are usu-
ally used but can be combined if necessary. In most cases, 
the active compound has not yet been identified. Studies 
have shown that some natural plant coumarins and tri-
terpenoids exhibit anticonvulsant properties (99, 100). 
Several show promise against seizures (see Table 55-6), 
but further study is needed before their routine use.

Albizia lebbek increases levels of GABA in the 
brain. Piper nigrum may have antagonistic actions at 
NMDA receptors. The efficacy of Casimiroa edulis has 
been shown in animal studies to be similar to that of 
phenytoin and phenobarbital. Ipomoea stans is similar 
in effectiveness to valproic acid. The action of Piper 
guineese and Psidium guyanensis is similar to that of 
phenobarbital (101). The toxicity or side effects of these 
plants are largely unknown. Some plants may interact 
with antiepileptic medications; Ruta chalepensis, for 
example, may increase the hypnotic effects of pheno-
barbital. More work on the use of phytotherapy in 
epilepsy is needed.

ASIAN MEDICINE

Traditional Chinese medicine has been used for thousands 
of years and has been gaining interest in the Western 
world for quite some time. It is partly based on the view 
that the body is closely related to its surrounding outside 
world. The organs inside of the body are themselves con-
sidered to be interconnected via an interlacing network of 
channels and collaterals (102). Most therapies are com-
posed of several herbs. The use of combination therapy is 
thought to improve the effectiveness and lessen any pos-
sible side effects. From the Chinese perspective, certain 
types of seizures are considered to be due to an exogenous 
or endogenous “wind.” In children, the pathogenesis is 

attributed to the insufficiency of the spleen, stagnation 
of phlegm, and reversed flow of qi (known as the vital 
forces of the body), and stirring up of the endogenous 
wind (103). Some open-label studies of traditional Chinese 
herbal mixtures have shown a reduction in seizures and 
fewer side effects compared with standard AEDs, but 
well-controlled double-blind studies are lacking. Numer-
ous combinations of Chinese herbs are used to combat 
seizures; only a few will be discussed.

Tianma gouteng yin is composed of amino acids, 
alkaloids, and fatty acids in addition to other compounds. 
Interestingly, it has been found to act as an NMDA-receptor 
antagonist. Not only does it have direct influences at 
the receptor, but it also helps to prevent neuronal injury 
and death (102). When quingyangsen (root) was given as 
an adjunct to standard AED treatment, almost 30% of 
patients had seizure control ranging from 2 to 9 months 
after initiating therapy (104). This compound has also 
been shown to block seizures in animal models (105). 
Zhenxianling contains different flowers, animal parts, 
and human placenta in addition to other substances. A 
study using Zhenxianling in 239 patients with refractory 
epilepsy, of whom 147 were aged 1.5 to 20 years, showed 
that 66% had a greater than 75% seizure reduction and 
an additional 30% had a greater than 50% reduction of 
their seizures (106). These effects were seen 1 to 5 days 
after treatment. In 15 patients with absence seizures, 11 
had their seizure frequency reduced by 50% to 75%. A 
few studies have been performed using longdanxiegan 
tang, or a modified version, in absence epilepsy. Approxi-
mately 90% of patients taking this herb showed signifi-
cant clinical or EEG improvement (107, 108).

In a study using capsules composed of a variety 
of Chinese supplements, a significant improvement 
was found among children with different types of epi-
lepsy (103). More than 900 children were treated with 
these capsules, and their response was compared with 
that of only 160 patients treated with phenobarbital. 
In children taking the capsules, 57% had their seizures 
reduced by more than 75%. An additional 26% had a 
seizure reduction of 50% to 75%. The duration of indi-
vidual seizures was also significantly diminished. In the 
control group, 40% of patients achieved a 75% seizure 
decrease and 12% had a 50% reduction in seizures. 
Approximately 1% had worsening seizure control. Fifty 
percent of children with absence and benign rolandic 
seizures had a 75% decrease in seizures. Two cases of 
infantile spasms were included in this study. One patient 
had a 75% reduction of seizures and the other a 50% 
to 75% decrease. Of those in the treatment group who 
previously had abnormal EEGs, 54% had normal EEGs 
at the end of the study period.

In Japan, kampo medicines are herbal remedies used 
to combat various medical conditions, including epilepsy. 
Most of these therapies are mixtures of different herbs, 

TABLE 55-6
Some Homeopathic Remedies Used for Seizues

FEBRILE SEIZURES NONFEBRILE SEIZURES

Aconitum napellus Atropa belladonna
Aethusa cynapium Chamomilla vulgaris

Cuprum metallica
Glonoinum
Ignatia amara
Zincum metallicum
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some of which are similar to those used in traditional 
Chinese medicine. Sho-saiko-to is an herbal formula 
commonly used to treat liver disorders; it also is recom-
mended as a possible treatment for intractable epilepsy. 
Another formula similar to this compound, the Chinese 
bupleurum–cinnamon combination (chai-hu-keui-chi-
tang), has shown some preliminary benefit in epilepsy. 
These formulas contain the same nine herbs with minor 
variations in their relative amounts. They appear to have 
equivalent effects (109). Sho-saiko-to has been adminis-
tered to adults and children. The pediatric dose depends 
on the child’s weight (110). There are no well-designed 
clinical studies on the benefit of this formula in epilepsy. 
In one study (111), it was given to 24 patients who were 
taking multiple drugs for uncontrolled epilepsy. Six of 
the 24 patients had no seizures within 10 months of the 
herbal therapy. An additional 13 patients were improved, 
three had no change, and two did not complete the study. 
Improvements were seen as soon as 1 month. Tonic-clonic 
seizures seemed to have the best response rate. Another 
study (112) revealed possible cognitive improvements 
with the use of this supplement, but the study was flawed 
and not optimally designed. Animal studies (113) have 
shown that it can inhibit pentylenetetrazol-induced sei-
zures as well as cobalt-induced seizures and neuronal 
damage. Other studies (114, 115) revealed that there were 
no changes in barbiturate potentiation.

Adverse effects have rarely been reported. The for-
mula has caused pneumonitis or hepatitis, or both, in 
a number of patients with liver disease, and has caused 
fatalities. Patients using this supplement must be advised 
to report coughs and fevers to their health care providers; 
prompt and careful follow-up is necessary (116, 117). 
Occasionally, gastrointestinal upset or mild transient 
symptoms are present. In addition to side effects, some 
of these supplements have been known to contain toxic 
ingredients that are not named on the label. These herbal 
remedies have been found to contain such elements as 
lead, arsenic, and mercury, which, if consumed in greater 
than safe amounts, can lead to serious consequences (118, 
119). Although some report significant success with the 
use of these products, extreme caution should be main-
tained.

ACUPUNCTURE

Acupuncture has been practiced in Asia for more than 
two thousand years. In the United States, where it has 
increased in popularity over the past 30 to 40 years, it 
is used by approximately one million individuals. This 
ancient therapy is used mostly for pain management, 
but also for a number of different conditions, includ-
ing epilepsy. Up to 70% of people who undergo acu-
puncture treatments do not inform their health care 

providers (120). Acupuncture involves the use of fine 
needles (now made of stainless steel) that are inserted 
into the skin at defined points of the body. For epilepsy, 
points along the scalp are key, as acupuncturists consider 
the scalp a direct projection of the cerebral cortex. Differ-
ent points are selected depending on the different types 
and symptoms of seizures (121).

Acupuncture is presumed to restore balance to the 
disruption of the natural flow of energy that the body 
requires to function normally. Acupuncture releases endor-
phins, adrenocorticotropic hormone (ACTH), and other 
neurochemicals, such as GABA (122). Some studies show 
that afterward there is an increase of the serotonin level, 
which may lead to improved cognitive function (123). 
Specific sites are used to combat different conditions. The 
point naokong (GB19) is located near the occipital pro-
tuberance. It is selected for acupuncture in a variety of 
medical conditions in addition to epilepsy, and has been 
used in children. It is said to have tranquilizing effects, 
regulate blood flow, and calm “endopathic wind.”

In terms of efficacy, there is a paucity of well-
performed and well-controlled clinical trials for evalu-
ating the usefulness of acupuncture in epilepsy, as well 
as other medical conditions. This is due in part to the 
individualization of therapy. Acupuncture differs between 
individuals, making standardization difficult. Even sham 
acupuncture is difficult to assess, because nonspecific 
needling can lead to the stimulation of neurohormonal 
responses (124).

Kloster et al (125) compared the effects of sham 
acupuncture and actual acupuncture in patients with 
intractable epilepsy. There was a small but statistically 
nonsignificant reduction in seizure frequency in both 
groups, perhaps due to the small sample size. No signifi-
cant EEG changes were appreciated. Stavem et al (126)
also failed to show that acupuncture significantly reduced 
seizures or had any effect on the patients’ quality of life. 
Adverse effects are rare, the most common being infection 
and trauma. Other rare complications such as pneumo-
thorax, cardiac tamponade, hepatitis, and spinal cord 
injuries have also been reported. The transmission of 
human immunodeficiency virus (HIV) has rarely been 
reported. The importance of sterilization and universal 
precautions cannot be emphasized enough (120).

In a child who had almost continuous simple par-
tial seizures, acupuncture improved the seizures after 
seven sessions, and almost completely eliminated them by 
30 sessions (127). Six months later, the patient was 
reported to be seizure free. In another study (121) involv-
ing almost 100 children and adults, 66% had a greater 
than 75% reduction in seizures, and an additional 24% 
had a 50% to 75% reduction. Yang (128) reported the 
use of acupuncture in eight children with status epilepti-
cus. Different acupoints were used depending on the case. 
Seizures ceased within 10 minutes in all cases. No 
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recurrences were reported in three patients for up to 
2 years and in one patient for 8 years. Acupuncture may be 
a useful adjunctive therapy in epilepsy, but better designed 
studies are needed to fully evaluate its effectiveness.

HOMEOPATHY

There is little scientific evidence for the efficacy of 
homeopathy in epilepsy, and even less information is 
available on its use in children. It has been used for 
more than 200 years, and more than 500 homeopathic 
remedies have been used to treat seizures. Homeopa-
thy is based on the principle that substances causing 
medical conditions can also be used to combat them. 
Symptoms are believed to represent the body’s attempt 
to restore itself to health, and homeopathy aims to treat 
the patient’s symptoms. It relies on the body’s own pow-
ers for self-healing; therefore an individual’s mental 
and physical state is important and taken into account 
prior to the administration of remedies. The identifi-
cation of imbalances within the person in conjunction 
with his or her symptoms aids the homeopathist in 
choosing supplements that will restore the body’s abil-
ity to heal itself. When dealing with children, choos-
ing the correct treatment is further complicated by the 
fact that the homeopathist must rely on parental obser-
vations instead of directly obtaining information from 
the child.

The remedies used are derived mainly from plants, 
minerals, and animals. Remedies derived from tox-
ins that are believed to cause illness are diluted before 
administration (129). Formulas containing Aconitum 
napellus and Aethusa cynapium are thought to be help-
ful in febrile seizures and other seizures associated with 
illnesses (Table 55-6). There are supplements that may be 
helpful in febrile and nonfebrile seizures (130). Reliable 

information on the risks associated with homeopathic 
remedies is lacking.

NATUROPATHY

Naturopathic medicine was established more than a 
hundred years ago and uses forms of Western medicine 
in addition to natural therapies. It uses noninvasive 
techniques and is based on the principle that natural 
substances can help the body’s intrinsic ability to heal 
itself. Naturopath practitioners place a large emphasis on 
attempting to remove the underlying cause of the disease. 
Consuming the proper foods for sufficient nutrition of 
the body is one way of using natural substances. Nutri-
tional supplements in the form of vitamins and minerals 
are often used (6). Certain herbs are prescribed to sup-
port the liver and kidneys, through which many AEDs 
are metabolized. In addition, some vitamins can interfere 
with certain AEDs. Information on the efficacy of natu-
ropathic medicine in epilepsy is limited.

CONCLUSION

Alternative medicine is a growing field that comprises 
several different approaches. Most facets have not been 
well studied, making recommendations for their use in 
patients with epilepsy difficult. Side effects and compli-
cations are mostly underreported. Open communication 
between patients and health care professionals is vital in 
ensuring the well-being of patients. Patients should be 
encouraged to make their physicians aware of any other 
treatments they are receiving. They should also be advised 
not to discontinue their conventional medications with-
out discussing their plans with their primary caregivers. 
Further research is required to better evaluate the role of 
alternative medicine in the treatment of epilepsy.
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Zonisamide

onisamide (ZNS) was first synthe-
sized by Dainippon Pharmaceuti-
cal Company in Osaka, Japan, 
in 1974 (1). ZNS was originally 

developed in an effort to discover medications for 
psychiatric illness (2–4). However, screening for anti-
convulsant effectiveness in the maximal electroshock 
seizures (MES) model showed positive results, and 
ZNS subsequently entered human epilepsy trials, with 
Phase I studies in Japan in 1979 and Phase II trials in 
1985. ZNS was approved for marketing in Japan in 
1989. Enthusiasm for ZNS in the United States was 
dampened by the occurrence of renal calculi in early 
trials, which was attributed to the mechanism of car-
bonic anhydrase (CA) inhibition. However, subsequent 
pivotal trials led to approval for marketing by the 
U.S. Food and Drug Administration (FDA) in March 
2000, with an indication for adjunctive therapy for 
adults with partial epilepsy. As of 2006, the estimated 
worldwide exposure to ZNS exceeds 2 million patient-
years (5).

Very few controlled trials examining the efficacy of 
ZNS in children have been performed. However, pub-
lished open-label reports describing ZNS effectiveness 
with various seizure types and epilepsy syndromes that 
occur in the pediatric age range have demonstrated that 

John F. Kerrigan
John M. Pellock

ZNS should be included among the broad-spectrum 
group of antiepileptic drugs (AEDs).

CHEMISTRY, ANIMAL PHARMACOLOGY, 
AND MECHANISMS OF ACTION

Chemistry

ZNS (1,2-benzisoxazole-3-methanesulfonamide) is a syn-
thetic amine sulfonamide compound (Figure 56-1(A)) (2). 
ZNS is the only compound in this chemical class among 
AEDs. Several features of the chemical structure of ZNS 
deserve comment. All sulfonamide antibiotic compounds 
include an arylamine domain at the N4-position, which 
contributes to allergic reactions in susceptible individuals 
(Figure 56-1(B)) (6). However, ZNS is a nonarylamine 
sulfonamide and therefore lacks the chemical domain 
with the greatest potential to produce hypersensitivity 
reactions. ZNS shares structural similarity with acet-
azolamide (Figure 56-1(C)) and likewise shares an abil-
ity to inhibit the function of CA. Although the role of 
CA inhibition has been questioned as a mechanism of 
anticonvulsant action, there appears to be little debate 
that it contributes significantly to the side effect profile 
of ZNS. Lastly, ZNS bears structural similarity to other 

Z
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compounds of neurologic interest, including serotonin 
(Figure 56-1(D)) and sumatriptan (Figure 56-1(E)). 

Mechanisms of Action: Seizure Protection

Like many of the new AEDs, a number of different mech-
anisms of action have been proposed for ZNS. The mech-
anism or mechanisms that are of greatest importance in 
inhibiting seizure activity in humans remain unknown.

ZNS inhibits repetitive neuronal firing in spinal 
cord neurons that are depolarized during microelectrode 
recordings (7). This effect occurred at concentrations 
(3 �g/mL) that are less than the blood levels typically 
achieved in human subjects taking ZNS. The mechanism 
of this effect may be partial blockade of activity-dependent 
sodium channels, which has been shown in the giant axon 
of Myxicola infundibulum (8). (It is of interest that this 
critical observation was made in an invertebrate fanworm 
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inhabiting the intertidal zone; it does not appear to have 
been reported in any other experimental system.)

ZNS also reduces voltage-dependent calcium currents 
by blocking the T-type calcium channel in a concentration-
dependent fashion (9, 10). A methylated analog of ZNS, 
shown to be ineffective in blocking MES seizures, was 
likewise ineffective in blocking calcium currents (9). The 
relevance of T-type calcium channels as potential thera-
peutic targets of ZNS is suggested by studies in an animal 
model that examined the consequences of a single episode 
of status epilepticus, in which hippocampal CA1 pyramidal 
cells are converted into an abnormal burst-firing mode by 
up-regulation of T-type calcium channels (11). In addition, 
the study of dentate granule cells derived from temporal 
lobe tissue from patients undergoing surgery for refrac-
tory epilepsy has shown the presence of calcium currents 
mediated by T-type calcium channels (12).

In-vitro and animal studies also suggest that ZNS 
may modulate synaptic transmission as well. ZNS inhibited 
potassium-mediated glutamate release in the hippocampus 
in a microdialysis model in rats (13). Also in microdialysis 
experiments, ZNS functions to increase extracellular levels 
of dopamine and serotonin (possibly by enhancing synaptic 
release) in rat hippocampus and striatum (14–18).

ZNS may affect synaptic transmission by altering 
gene expression of neurotransmitter transporter proteins. 
In a rat model of hippocampal seizures elicited by injection 
of FeCl3 into the amygdala, ZNS caused (1)  up-regulation 
of excitatory amino-acid carrier-1 (EAAC-1), which has 
the potential effect of enhancing the removal of excitatory 
amino acids such as glutamate from the synaptic cleft, 
and (2) down-regulation of the expression of gamma-
aminobutyric acid (GABA) transporter-1 (GAT-1), which 
could enhance inhibitory neurotransmission by increasing 
synaptic levels of GABA (19). This change in EAAC-1 
and GAT-1 expression was present in both epileptic and 
control animals.

Although chemically related to acetazolamide, it appears 
that the mechanism for treating seizures may not be by CA 
inhibition, because drug concentrations for ZNS needed to 
be 100- to 1,000-fold higher than that of acetazolamide to 
reach an equivalent inhibitory effect on CA (20, 21). On the 
other hand, the profile of side effects of ZNS includes signs and 
symptoms attributable to CA inhibition. 

ZNS has also been studied in seizure and epilepsy 
models in intact animals (22). ZNS can prevent the tonic 
extensor components of MES in several different species (3). 
ZNS inhibited the focal cortical discharge provoked by 
acute electrical stimulation of the visual cortex in cats (23), 
as well as seizures provoked by electrical stimulation in cats 
that have undergone kindling of the visual cortex (24). ZNS 
also prevents spread from the ictal focus in cats that have 
undergone focal freezing lesions of the cortex (23). 

In addition to antiseizure effects, ZNS may have 
effectiveness as an antiepileptogenic compound as well 

(see also the discussion in the following section on pos-
sible neuroprotective effects). ZNS suppressed the kin-
dling process, as well as inhibiting seizures resulting 
from kindling, in adult rats (25). ZNS also inhibited the 
development of elevated levels of chemical markers for 
oxidative damage in iron-induced focal epileptogenic foci 
in rat brain (26). This finding requires further study, but 
it raises the possibility that ZNS may help prevent the 
emergence of seizure foci following traumatic brain injury 
or intracranial hemorrhage. 

Mechanisms of Action: Neuroprotection

ZNS has also been a subject of investigation for pos-
sible neuroprotective effects. In an in vitro model, ZNS 
demonstrates dose-dependent reductions in hydroxyl 
and nitric oxide free radicals (27). The same group 
has also shown that ZNS has reduced nitric oxide syn-
thase activity in the hippocampus of rats exposed to 
N-methyl-D-aspartate (NMDA) (28). Recent studies 
have shown that pretreatment with ZNS reduces the 
half-life of free radicals in the hippocampus of rats. 
This finding was present in normal animals and in 
those undergoing an acute episode of status epilepticus 
induced by kainic acid (29, 30). These results suggest 
that ZNS has the capacity to protect the brain from 
free-radical-mediated injury. 

ZNS reduces hypoxic-ischemic brain injury in 
neonatal rats (31). In this model, the carotid artery was 
ligated on one side, and the animal was then exposed 
to prolonged hypoxia (8% O2 for 2.5 hours). ZNS was 
administered by intraperitoneal injection (75 mg/kg) 
prior to hypoxemia. Cortical infarction size, as a per-
centage of volume, was 6% in the ZNS-treated animals 
compared to 68% in control animals. Neuronal loss in 
the hippocampus was also reduced in ZNS-treated ani-
mals. Seizure recordings showed no significant difference 
between the two groups, suggesting that the neuropro-
tective effect was independent of any impact of the drug 
on seizure activity.

ZNS reduced cerebral infarction in a transient mid-
dle cerebral artery occlusion model in adult rats (32). 
Pretreatment with ZNS has shown neuroprotective effects 
following transient cerebral ischemia in the adult gerbil, 
as determined by memory performance with water maze 
and subsequent histologic study. These findings correlated 
with reduced extracellular glutamate in the hippocampus 
of the ZNS-treated animals (33).

BIOTRANSFORMATION, 
PHARMACOKINETICS, AND INTERACTIONS

ZNS has several properties that are desirable for an 
AED. These include a long half-life (making once daily 
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dosing a feasible option), limited plasma-protein bind-
ing (minimizing displacement of other AEDs because of 
competition for protein binding sites), and an absence of 
autoinduction of the hepatic enzymes responsible for its 
metabolism (34).

Absorption

Absorption of ZNS following oral administration appears 
to be highly efficient, probably approaching 100%, based 
on recovery of radiolabeled drug in urine (35, 36). Absorp-
tion is rapid, with peak blood levels occurring 2–6 hours 
following dosage administration (37). When taken with 
food, peak levels are delayed slightly (4–6 hours), but the 
bioavailability is no different (37).

Distribution

The volume of distribution following oral administration 
is 1.0 to 1.9 L/kg in healthy adult volunteers. ZNS is 
only approximately 50% noncovalently bound to plasma 
proteins, which limits competition for binding sites with 
highly protein-bound medications such as phenytoin and 
valproic acid (37). Accordingly, drug-drug interaction 
resulting from alterations of free drug levels because of 
competition for binding sites is minimized.

On the other hand, ZNS has a particularly high 
binding affinity to the intracellular compartment of 

erythrocytes. The tendency of ZNS to sequester in eryth-
rocytes has potential practical clinical importance, with 
a risk of false elevations of reported ZNS serum levels in 
hemolyzed specimens (38). 

Distribution in the brain has been studied in rats with 
autoradiography following injection of 14C-ZNS), showing 
preferential uptake in cerebral cortex relative to subcortical 
structures, including striatum, thalamus, hypothalamus, 
and cerebellum (39). However, further specificity with 
respect to binding sites is not yet available.

Metabolism and Drug-Drug Interactions

Among the drugs used to treat epilepsy, ZNS has a relatively 
long elimination half-life, with a mean of approximately 
60 hours in healthy adult volunteers (range 52 to 69 hours) 
(40, 41). This favorable serum half-life enables twice-daily 
or even once-daily dosing schedules, but it also implies a pro-
longed time to steady state, as much as 10–14 days (22).

Zonisamide is partially metabolized by either 
acetylation, to produce N-acetyl ZNS, or by reduction 
to 2-sulfamoylacetylphenol (SMAP), then followed by 
glucuronidation and urinary excretion (40, 42–45) (see 
Figure 56-2). Study of the disposition of radio-labeled 
ZNS in human adult volunteers has shown that 62% 
of ZNS was recovered in the urine, of which 35% was 
unmetabolized ZNS, 15% N-acetyl ZNS, and 50% as 
the glucuronide derivative of SMAP (46).
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ZNS is metabolized by the hepatic cytochrome P450 
system, specifically by the 3A subfamily, and predominately 
by the 3A4 isoenzyme (45, 47). However, ZNS does not 
induce its own metabolism, nor does it induce or inhibit 
other elements of the cytochrome P450 system (46). Because 
of the relatively low plasma-protein binding of ZNS, as well 
as its lack of hepatic enzyme induction, ZNS has little or no 
effect on the blood levels of other AEDs (48).

Other AEDs, however, can affect ZNS blood levels 
by virtue of their cytochrome P450-inducing or -inhibiting 
features. The elimination half-life of ZNS is decreased to 
27 hours in adult patients fully induced by coadministra-
tion of phenytoin, to 38 hours in patients taking carbam-
azepine or phenobarbital, and to 46 hours in patients taking 
sodium valproate (46, 48–50). Non-AED compounds such 
as cimetidine can inhibit hepatic metabolism of ZNS (51). 
Other non-AED compounds, such as erythromycin, mid-
azolam, and nifedipine, are also preferentially metabolized 
by the 3A4 isoenzyme and can therefore compete with 
ZNS for metabolism, resulting in increased ZNS blood lev-
els (52). Certain dietary items, such as grapefruit juice, may 
have this same effect. Dexamethasone can act to induce 
the P450 reduction pathway for ZNS (47).

Detailed pharmacokinetic studies of ZNS within the 
pediatric age range have not been performed. However, 
as the metabolizing capacity of young children generally 
exceeds that of adults on a per-kilogram basis, higher 
doses may be required to reach the same target drug 
level (53). ZNS is likely to have a shorter serum half-life 
in children compared to adults.

Serum Levels

The significance of ZNS serum levels with respect to 
efficacy appear limited (37, 54). However, levels greater 
than 40 �g/mL were more likely to be associated with 
dose-related side effects, specifically drowsiness (54). This 
study also showed relatively small changes between blood 
levels at the peak (4 hours after once-daily morning dose) 
and the trough (prior to once-daily morning dose). The 
ratio of the peak to the trough levels showed a mean of 
1.28 � 0.15 in this sample of 72 children on initial ZNS 
monotherapy, which is consistent with the relatively long 
half-life of this AED.

A therapeutic ZNS level of 15 to 40 �g/mL has been 
suggested (50, 55). 

CLINICAL EFFICACY

Pivotal Adult Trials

Not unexpectedly, Class I studies demonstrating the 
efficacy of ZNS for treating epilepsy enrolled predomi-
nantly adult subjects with partial seizures. In 2005 Brodie 

reported the results of a multicenter, randomized, double-
blind, placebo-controlled trial in patients with refractory 
partial seizures (56). The group consisted of patients aged 
12 to 77 years, who were taking one to three preexisting 
AEDs at the time of enrollment. Subjects were random-
ized to placebo or ZNS at one of three doses (100 mg/day, 
300 mg/day, or 500 mg/day).

Efficacy varied directly with ZNS dose. The median 
reduction in seizure frequency for complex partial sei-
zures was 51.2% for the study group taking 500 mg/day 
and 16.3% for the placebo group (P � 0.0001). The 
responder rate (the percentage of patients having at least 
a 50% improvement in seizure frequency) for complex 
partial seizures was 52.3% for ZNS at 500 mg/day and 
21.3% for the placebo group (P � 0.001). The most fre-
quent treatment-emergent adverse events during titration to 
500 mg/day were somnolence (14.4%), headache (6.8%), 
dizziness (11.9%), and nausea (7.6%). The frequency of 
adverse events was generally lower at lower ZNS doses (and 
with placebo) and during the fixed-dose phase of the trial.

Additional pivotal studies with ZNS utilizing a ran-
domized, placebo-controlled, add-on design have been 
performed in adult patients with refractory, partial-onset 
epilepsy (57–59). Representative results of these four 
studies are shown in Table 56-1.

Continued observation of these refractory partial-
epilepsy patients with open-label extensions of the pivotal 
trials has provided further evidence that ZNS is effective 
and well tolerated with long-term follow-up (5, 60, 61).

Early Pediatric Trials in Japan

The initial observations concerning the use of ZNS in 
children with epilepsy arises from open-label clinical 
trials and practice experience in Japan, subsequently 
published in either Japanese or English, and reviewed 
by Glauser and Pellock (53). In this detailed meta-analysis 
examining efficacy and safety of ZNS in children in the 
Japanese publications, the available studies were broken 
down into those employing ZNS monotherapy (either 
newly diagnosed or previously treated cases) (62–67), 
adjunctive therapy with ZNS for treatment-resistant cases 
(68–72), or studies with a mixed group of patients receiv-
ing either ZNS monotherapy or ZNS adjunctive therapy 
(73–75). Results were then further analyzed by seizure 
type (partial-onset or generalized-onset seizures), and the 
percentage of responders (those with an improvement of 
at least 50% in seizure frequency) was reported. These 
results are shown in Table 56-2.

A component of one study included a group of 
32 children that was randomized to monotherapy treat-
ment with either ZNS (n 	 16) or valproate (n 	 16) 
(53, 73). These patients had generalized seizures and had 
previously failed seizure control with one to three AEDs. 
No significant difference in efficacy was observed. The 
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responder rate was 50% for ZNS treatment (at a mean 
dose of 7.3 mg/kg/day) and 44% for valproate (at a mean 
dose of 27.6 mg/kg/day).

Recent Studies on ZNS Efficacy in Children

Initial Monotherapy. In an uncontrolled trial of initial 
monotherapy in 72 children (mean age, 8.3 years; range, 
3 months to 15 years) with newly diagnosed cryptogenic 
partial epilepsy, Miura treated patients with ZNS at an 
initial dose of 2 mg/kg/day, escalating at weekly inter-
vals to a maintenance dose of 8 mg/kg/day (54). Dosing 

was provided once daily. At this initial target dose, 49 of 
72 cases (68%) were completely controlled. After further 
dosage adjustment, 57 of 72 cases (79%) were completely 
controlled. The mean duration of ZNS treatment was 
27 months (range, 6 to 43 months). Although a clear 
relationship between ZNS blood levels and clinical effec-
tiveness was not seen, patients who were symptomatic 
with dose-related side effects (predominantly drowsiness) 
had blood levels greater than 40 �g/mL.

Seki and colleagues studied 77 children (ages 8 months 
to 15 years) with various seizure types, 68 of whom were 
included for analysis of ZNS efficacy (76). Fifty had 

TABLE 56-2
Anti-Epilepsy Treatment with Zonisamide in Children

INCLUSION CRITERIA FOR

 PARTIAL-ONSET GENERALIZED-ONSET

 SEIZURES SEIZURES

OPEN-LABEL STUDY RR N RR N

Patients on ZNS 78% 209 71% 49
 Monotherapy Only
Patients on ZNS as  34% 137 15% 54
 Adjunctive Therapy Only    
Patients on Either Monotherapy 60%  718 42% 291
 or Adjunctive Therapy

Summary results of open-label trials in Japan as reviewed by Glauser and Pellock 2002 (53), 
noting the responder rate for children with either partial-onset or generalized-onset seizures accord-
ing to the inclusion criteria for the study (ZNS monotherapy only, ZNS adjunctive therapy only, or 
combined ZNS monotherapy and adjunctive therapy).

n 	 Number of patients in each summary category. RR 	 Responder rate.

TABLE 56-1
Seizure Efficacy for ZNS in Randomized, Placebo-Controlled, Add-On Trials in Adults with Refractory 

Partial Epilepsy

    MEDIAN REDUCTION MEDIAN REDUCTION

    IN TOTAL SEIZURE IN TOTAL SEIZURE

STUDY    FREQUENCY  FREQUENCY

(FIRST NUMBER OF AGE RANGE MAXIMUM (% CHANGE FROM (% CHANGE FROM

AUTHOR) SUBJECTS (YEARS) ZNS DOSE BASELINE) BASELINE) P VALUE

    ZNS GROUP PLACEBO GROUP

Schmidt 139 18–59  20 mg/kg/day 22.5% �3.0% �0.05
 1993 (57)
Faught 203 13–68  400 mg/day 40.5% 9.0% 	 0.009
 2001 (58)
Sackellares 152 17–67  600 mg/day 25.5% �6.6% 	 0.0005
 2004 (59)      
Brodie 351 12–77  500 mg/day 51.3% 18.1% �0.0001
 2005 (60)      
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previously not taken any AEDs. All patients were on ZNS 
monotherapy. Doses were initiated at 2 mg/kg/day (divided 
twice daily), and increased by 1–2 mg/kg/day at 1–2 week 
intervals, up to a dose of 12 mg/kg/day. Forty-eight patients 
(of 68 patients, 62%) had localization-related epilepsy, 
and 20 (38%) had generalized epilepsies. Of the patients 
with localization-related epilepsy, 40 of 48 (83%) showed 
an “excellent” response (at least 3 months seizure-free); 
for patients with generalized epilepsy, 18 of 20 (90%) 
were seizure-free for at least 3 months.

Follow-up Monotherapy. Wilfong has described an 
uncontrolled case series of 131 children and adoles-
cents treated with open-label ZNS monotherapy (77). 
Patients with both partial and generalized seizure types 
were included, although limited detail regarding seizure 
type and epilepsy syndrome was provided. Eighty-nine 
patients (68%) had previously been treated with at least 
one AED. When all patients are grouped together, 30% 
were completely seizure free, and an additional 47% had 
an improvement of at least 50% in seizure frequency. 
Forty-three patients (33%) reported at least one adverse 
effect while on ZNS, but only 3 (2.3%) had to discon-
tinue ZNS therapy (sleeplessness and increased seizures, 
failure to gain weight, and behavioral changes in one 
patient each).

Add-on Polytherapy. Kim and colleagues have 
reported an uncontrolled, retrospective study of ZNS 
use in 68 children and adolescents treated for epilepsy 
(median age, 6.9; range, 1.9 to 18.1 years) (78). ZNS was 
used initially as monotherapy in 11.8% and as adjunc-
tive polytherapy in 88.2%. The median ZNS dose was 
8.0 mg/kg/day (range, 1.5 to 23.2 mg/kg/day). Of the 
68 patients, 69.1% had exclusively generalized seizures, 
10.3% exclusively partial seizures, 14.7% both general-
ized and partial, and 5.9% had seizures of undetermined 
type. Data to determine efficacy were available in 
62 patients: 25.8% were completely seizure free, 21.0% 
had a reduction of at least 50% in overall seizure fre-
quency, 16.1% were improved in seizure frequency by 
less than 50%, 22.6% showed no change, and 14.5% 
were reported as having increased seizure frequency. 
There were no clear trends with regard to efficacy and 
seizure type or etiology. Adverse events were reported by 
61.8% of patients, predominantly during dose escala-
tion. These were generally central nervous system (CNS) 
related, with behavioral or psychiatric symptoms (such as 
aggression, agitation, and decreased attention) reported 
in 23.5%, cognitive dysfunction in 12.0%, and sedation 
in 10.3%. 

A retrospective study by Santos and Brotherton 
included 50 patients (range, 9 months to 20 years; mean 
age, 9.1 years) (79). With one exception, all had pre-
viously failed at least one other AED, and 47 subjects 

(94%) were taking at least one other AED with ZNS. The 
study group experienced a wide diversity of seizure types. 
For the entire population, 16% became seizure free, and 
an additional 22% had an improvement of at least 50% 
in seizure frequency. Efficacy was not broken down by 
seizure type. Adverse events were experienced by 62% 
of patients, including loss of appetite in 14 (28% of total 
study population), weight loss in 5 (10%), and kidney 
stones in 2 (4%). Fourteen patients (28% of total study 
population) discontinued ZNS because of adverse effects. 
Mean dosage for ZNS was 15.9 mg/kg/day (range, 3.3 
to 35 mg/kg/day).

In another retrospective chart review of ZNS add-on 
therapy in 35 children with refractory epilepsy, Mandel-
baum and colleagues determined that 11% of the study 
population was completely seizure-free, and 31% had an 
improvement in seizure frequency of at least 50% (80). 
When efficacy was analyzed by seizure type (generalized, 
partial, or mixed), there were no clear trends. The authors 
conclude that ZNS is a broad-spectrum AED.

Efficacy in Specific Seizure Types or 
Epilepsy Syndromes in Children

Partial Seizures. Miura has reported an uncontrolled 
series of 72 children (mean age, 8.3 years; range, 0.3–
15 years) treated with initial ZNS monotherapy for 
cryptogenic localization-related epilepsy (54). The initial 
maintenance dose of ZNS was increased incrementally 
to 8 mg/kg/day and could be increased thereafter for 
patients not responding with complete seizure control. 
At 8 mg/kg/day of ZNS, 49 patients (68.1%) were com-
pletely controlled. Of the remaining patients, an additional 
8 achieved complete seizure control with an increased dose 
of ZNS (79.2% of study group completely controlled on 
ZNS monotherapy). CNS-related side effects (drowsiness) 
tended to occur with blood levels greater than 40 �g/mL. 
A therapeutic range of 15–40 �g/mL was suggested.

Absence. T-type calcium channels have been implicated 
as an important mechanistic component of absence sei-
zures (81). The ability of ZNS to functionally block these 
channels makes ZNS a potentially attractive AED for 
treating this seizure type (9, 10). Wilfong and Schultz have 
retrospectively reviewed the charts of 45 patients under 
18 years of age treated with ZNS for absence seizures (82). 
Study subjects included both typical and atypical absence 
seizures and were not further analyzed according to epi-
lepsy syndrome. However, 88.9% of patients had failed 
prior AED therapy. The mean ZNS dose was 9.0 mg/kg/day 
(range, 2–24 mg/kg/day). Twenty-three of 45 patients 
(51.1%) were 100% seizure-free for absence seizures, and 
14 (31.1%) had a reduction in absence seizures of at least 
50%. The efficacy with regard to treating other seizure 
types in this series of patients was not provided.
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Juvenile Myoclonic Epilepsy(JME). Kothare examined 
the use of ZNS for seizure control in 15 patients with 
JME, utilizing a retrospective chart review method (83). 
There was no control group. ZNS was used as mono-
therapy in 13 patients (87%) and as add-on therapy in 2 
patients. Dosing for ZNS ranged from 200 to 500 mg/day 
(2.0 to 8.5 mg/kg/day). For patients taking ZNS mono-
therapy, 80% had a decrease of at least 50% in total 
seizure frequency. When broken down by the individual 
seizure types commonly seen with JME, 69% of patients 
were seizure free for generalized tonic-clonic seizures, 
62% were seizure-free for myoclonic seizures, and 38% 
were seizure free for absence seizures. One patient on 
monotherapy discontinued ZNS because of lack of efficacy, 
and 3 patients reported adverse events (weight loss, head-
ache, dizziness), which resolved with continuing therapy.

West Syndrome or Infantile Spasms (IS). Several uncon-
trolled, open-label studies have reported the use of ZNS 
in patients with IS (West syndrome) (77, 80, 84–90). 

Suzuki published a prospective, multicenter, open-
label, uncontrolled trial with treatment of 13 infants 
with newly diagnosed IS (84). By protocol, all patients 
were initially treated with high-dose pyridoxine. Two 
responded, and the remaining 11 patients were then 
treated with ZNS, with a dose escalation program to 
reach seizure control or a maximum of 10 mg/kg/day. 
Eight of 11 patients (73%) had symptomatic IS. A 
positive response was defined as complete cessation of 
seizures and disappearance of hypsarrhythmia on elec-
troencephalogram (EEG).

Four of 11 patients (36%) were initial responders. 
Interestingly, all had resolution of spasms within days of 
taking the initial dose at 3–5 mg/kg/day. However, 2 of 
these patients later relapsed. There were no adverse events 
reported during ZNS treatment. Of the 7 nonresponders, 
5 of 7 later responded to an intramuscular adrenocorti-
cotropic hormone (ACTH) treatment protocol.

Yanagaki treated 23 infants with West syndrome, 
ages 4–11 months, as either initial or adjunctive ther-
apy, with a dose-ranging protocol to study an increased 
titration rate. Initial doses varied from 3 mg/kg/day to 
10 mg/kg/day, to achieve a final target dose of 9–11 
mg/kg/day for the entire group (90). A positive response 
(defined as a complete cessation of spasms and disap-
pearance of hypsarrhythmia for at least 3 months) was 
observed in 7 patients (30%). Of these, 4 were crypto-
genic and 3 were symptomatic cases. A mild degree of 
hyperthermia (temperature above 37.5°C), but without 
obvious signs of infection, was observed in 3 of the 
10 patients in the highest initial dose treatment group, 
but the medication was continued in all, with simple 
environmental cooling.

Based on this collective open-label experience, 
it has been noted that the likelihood of success with 

ZNS for IS is higher in patients with cryptogenic IS in 
comparison to those with symptomatic IS. Notably, those 
who responded often did so quickly and at relatively low 
doses of 4–8 mg/kg/day (87).

Lennox-Gastaut Syndrome (LGS). In comparison to 
IS, there is relatively little published information directly 
addressing the use of ZNS for treating patients with LGS. 
Some of the retrospective, tertiary clinic-based surveys 
previously noted contain large numbers of patients with 
cryptogenic or symptomatic generalized epilepsy, but LGS 
is not broken out as an identified subgroup (78, 80).

Yamauchi has recently described a large cadre of 
patients followed prospectively as part of an uncontrolled, 
multicenter, postmarketing surveillance study consisting 
of 1,631 patients, including enrollment of 774 children 
(ages 15 years or less) (91). Within the entire study popu-
lation, 79 patients are described as having LGS. Details 
regarding ZNS dosing, including whether ZNS was used 
as monotherapy or polytherapy, are not broken out for 
the LGS subgroup. However, in response to ZNS treat-
ment, 27.9% of LGS patients experienced an improve-
ment in total seizure frequency of at least 50%, whereas 
51.9% are described as unchanged.

Myoclonic Seizures and Progressive Myoclonus 
Epilepsy. Yamauchi (see preceding discussion) also 
describes open-label efficacy of ZNS broken down 
by seizure type in a large postmarketing surveillance 
study (91). Fifty-six subjects experienced myoclonic sei-
zures. Of these, 19.6% are described as completely free 
of myoclonic seizures, and an additional 32.2% showed 
an improvement of at least 50% in myoclonic seizure 
frequency. Details regarding ZNS dosing are not provided 
for this subgroup.

Generally favorable results have been described in 
several small, uncontrolled, open-label reports of ZNS 
treatment of the refractory seizures associated with 
progressive myoclonus epilepsies, including Unverricht-
Lundborg disease (92, 93) and Lafora disease (93, 94).

Importantly, ZNS is not one of the AEDs that may 
exacerbate myoclonic seizures, which is a list that includes 
lamotrigine, carbamazepine, phenytoin, gabapentin, pre-
gabalin, and vigabatrin (95).

ADVERSE EFFECTS

Dose-Related Effects

Premarketing Phase II and Phase III trials in Japan in 
1,008 patients (of whom, 403 patients [40%], were 
ages 15 years or less) demonstrated that the most fre-
quent treatment-emergent adverse events were drowsi-
ness (24%), ataxia (13%), decreased appetite (11%), 
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gastrointestinal symptoms (7%), decrease in spontaneity 
(6%), and slowing of mental activity (5%) (96).

Ohtahara has described the side effect profile of 
ZNS in 928 children participating in an open-label post-
marketing surveillance study (97). The children had a sta-
tistically significant lower likelihood of all adverse events 
(24.3% of pediatric population) in comparison to adult 
patients in the study (40.1%; P � 0.001). 

Not surprisingly, the likelihood of adverse events 
increased with polypharmacy. In one large multicenter 
trial of ZNS in Japanese children (72), the incidence of 
adverse events of any kind was 14% in those taking ZNS 
monotherapy, 37% in those taking one other AED in 
addition to ZNS, and 53% in those taking two additional 
AEDs [reviewed in (53)]. The likelihood of adverse effects 
appeared to correlate with serum level of ZNS; mean 
levels of ZNS for symptomatic patients were generally 
greater than 20 �g/mL. Target doses of 8 mg/kg/day and 
lower were well tolerated.

Idiosyncratic Effects

Hyperthermia and Oligohydrosis. Decreased sweating 
and increased core temperature, a potential consequence of 
CA inhibition, is a recognized adverse event with ZNS ther-
apy. This side effect appears to be more common in children 
and more likely to occur in hot weather (98). Postmarket-
ing assessment of the likelihood of oligohidrosis, hyperther-
mia, or both in the United States suggested an incidence 
of 1 case per 4,590 patient-years (0.02% per patient-year) 
(98). Surveillance of the Japanese market for 11 years after 
ZNS approval suggested an incidence of 1 case per 10,000 
pediatric-years (0.01% per pediatric-year) (98). Knudsen 
analyzed the Adverse Events Reporting System of the FDA 
for cases with oligohidrosis, fever, or both (99). Six cases 
were identified, all in children or adolescents. The report-
ing rate was calculated to be 1 case per 769 pediatric-years 
(0.13% per pediatric-year). Ascertainment of the cases in 
these reports depends on physician report and is biased 
in favor of medically serious episodes. Conversely, one 
Japanese report identified decreased sweating in 12 of 70 
patients (17%) taking ZNS, based on historical reports by 
the patients’ parents (100). In summary, the preponderance 
of data suggests that the incidence of serious episodes of 
oligohidrosis and hyperthermia is low, but milder instances 
are encountered during routine clinical practice.

Renal Calculi. Renal stones occurred in 1.9% of 700 
adult patients treated with ZNS in U.S. and European 
studies (101). A more recent study, also in adult patients, 
identified stones in 4% of 750 patients (1.2% symptom-
atic and 2.8% asymptomatic) (102). The incidence of 
renal calculi in children taking ZNS is unknown. An 
increased risk of renal stones is most likely attributable 

to the effect of ZNS as a CA inhibitor, resulting in alka-
linization of the urine and an increased risk of calcium 
phosphate stones. An increased risk for kidney stones is 
likely in those with a prior history of stones or in those 
with a family history of renal calculi.

Rash. Although ZNS is a sulfonamide, it does not 
include the arylamine group that increases risk for hyper-
sensitivity skin reactions (6). Accordingly, the risk of aller-
gic drug rash appears to be substantially lower with the 
use of ZNS in comparison to the sulfonamide antibiotics, 
for which hypersensitivity can occur in as much as 6% 
of the population (6). Postmarketing surveillance reports 
show an incidence of serious rash associated with ZNS 
treatment of approximately 0.25% (5). Even so, caution 
and careful observation with use of ZNS in a patient with 
a recognized history of hypersensitivity to sulfonamide 
drugs are warranted.

Cognitive and Behavioral Side Effects. There is a lack 
of research into the potential impact of ZNS on cogni-
tion, particularly in children. A pilot study in nine adult 
patients with refractory partial-onset epilepsy, undergo-
ing psychometric testing prior to and 12 weeks follow-
ing the addition of ZNS, showed impairments in verbal 
learning without overt signs of overmedication (103). 
The degree of impairment correlated directly with ZNS 
plasma levels, particularly with blood levels greater than 
30 �g/mL. However, retesting at 24 weeks failed to show 
significant changes in cognition function relative to base-
line, suggesting a drug tolerance effect.

Adverse effects of ZNS on behavior and psychiatric 
functioning have been reported. In a retrospective report 
based on open-label use of ZNS for epilepsy in 68 pediat-
ric patients, Kim and colleagues determined behavioral or 
psychiatric side effects in 23.5% of patients (78). Difficul-
ties described included aggression, agitation, irritability, 
poor attention, hallucinations, hyperactivity, dysphoria, 
paranoia, and psychosis. All of these behavioral side 
effects resolved with lowering the dose or discontinu-
ing ZNS. Only 5 patients in the entire study population 
(7.4%) discontinued because of side effects, suggesting 
that behavioral problems were handled successfully by a 
reduction in dose in most instances.

A postmarketing surveillance study in Japan of 
1,512 patients (including 928 children ages more than 
16 years) revealed irritable or excitable behavioral epi-
sodes in 45 patients (3.0%), depression in 8 (0.5%), and 
anxiety or hypochondria in 14 (0.9%) (97).

Teratogenicity. There is insufficient data regarding ZNS 
and any associated risk of fetal malformations (104). 
A small prospective registry study of pregnant epileptic 
women taking ZNS examined 26 offspring (105). The 
4 children born to mothers taking ZNS monotherapy 
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were normal. The remaining 22 offspring were exposed 
to AED polytherapy, including ZNS: 2 had significant 
malformations, 1 with anencephaly, and 1 with an atrial 
septal defect. Both of these mothers had low ZNS serum 
concentrations (6.1 �g/mL and 6.3 �g/mL, respectively) 
during the first trimester.

CLINICAL USE

A recent survey of recommendations for AED manage-
ment by selected pediatric epilepsy specialists in the 
United States shows that ZNS is favorably regarded as a 
first-line option for initial monotherapy in children with 
myoclonic and generalized tonic-clonic seizures and as a 
second-line option for initial treatment of patients with 
IS, LGS, symptomatic generalized tonic-clonic seizures, 
and for children with partial seizures who have failed 
prior AED treatment (106).

Formulations for ZNS currently available in the 
United States include 25-mg, 50-mg, and 100-mg cap-
sules. Liquid suspensions can be specially formulated, but 
there are no data regarding stability and shelf-life.

Initial dosing is usually at 1–2 mg/kg/day, and the 
conventional recommendation is to increase the dose by 
1–2 mg/kg/day every 2 weeks. ZNS is correctly regarded 
as an AED for which it is suggested to “start low and go 
slow.” Clinical experience has shown that tolerance is 

improved and the likelihood of dose-related side effects 
is lower with incremental dosing. The maximum dose 
is determined by patient tolerance and seizure control; 
however, a total daily dose of 10 mg/kg/day is a reason-
able initial target, and doses up to 20 mg/kg/day are com-
monly used. In light of the long serum half-life, ZNS can 
be administered once or twice daily.

Anticipatory guidance should include a recommen-
dation about the need for the child to stay well hydrated, 
in an effort to reduce the likelihood of renal calculi, and 
the need to be aware of the importance of environmen-
tal heat as a possible risk factor for oligohidrosis and 
hyperthermia.

SUMMARY

ZNS is properly regarded as a broad-spectrum AED. 
Although not often chosen as the drug of first choice for 
the newly diagnosed patient, ZNS is an important option 
for treating children with epilepsy who have failed initial 
therapy. It may be a particularly good choice for patients 
with myoclonic seizures as a component of their epilepsy. 
Although evidence from open-label trials and practice 
experience is compelling, controlled studies examining 
the efficacy of ZNS in children and its impact on cogni-
tion and behavior would be most welcome.
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The Ketogenic Diet

he ketogenic diet (KD) is a high-fat, 
low-carbohydrate regimen with ade-
quate protein. It has been used for 
more than 70 years on thousands 

of patients. It is effective and safe, but, like any medical 
treatment for epilepsy, it must be judiciously applied and 
carefully monitored.

There are biblical passages that some regard as refer-
ring to the salutary effects of starvation on seizure control, 
but the earliest scientific reports emerged in the 1920s. 
Geyelin at the Presbyterian Hospital carefully studied the 
beneficial effects of starvation on seizures (1). Shortly 
thereafter, Wilder proposed a high-fat diet to mimic the 
effects of starvation (2). At the time, it was known that 
ketone bodies could be found in the urine of patients 
with diabetes and that they were produced when fatty 
acids were oxidized. This led to the notion that ketone 
bodies were metabolic waste products of fatty acid deg-
radation. Because this high-fat diet increased the produc-
tion of ketone bodies, the regimen became known as a 
ketogenic diet or “keto.” Its anticonvulsant effect was 
attributed to a sedative effect of the ketone bodies on the 
nervous system; this notion is easy to understand because 
the available anticonvulsants of that era— bromides and 
phenobarbital—were both sedatives.

In the 1950s, however, it was discovered that a sepa-
rate pathway synthesized the ketone bodies, acetoacetate 

Douglas R. Nordli, Jr.
Darryl C. De Vivo

(AcAc) and 3-hydroxybutyrate; in 1961 Krebs suggested 
that ketone bodies were fuels for respiration. In 1967 
Owen and colleagues proved that ketone bodies were the 
major fuel for brain metabolism during starvation (3). 
Appleton and De Vivo later showed in experimental ani-
mals that the utilization of ketone bodies during star-
vation altered brain metabolites and increased cerebral 
energy reserves (4). Huttenlocher showed that the level 
of ketosis correlated with efficacy (5).

There are several different variations of the KD, 
but the mostly widely used regimen uses long-chain tri-
glycerides (LCT) in the form of heavy cream, butter, and 
meat fat. We review the scientific basis, effectiveness, and 
safety of the LCT diet.

SCIENTIFIC BASIS OF THE DIET

Improved Cerebral Energy Reserves 
and Increased Gamma-Aminobutyric 

Acid (GABA) Synthesis

Ketone bodies derive from the metabolism of nonesteri-
fied fatty acids. During the fasting state, the fall in blood 
glucose reduces plasma insulin production, stimulates 
lipolysis in fatty tissues, and increases the flux of non-
esterified fatty acids to the liver. Nonesterified fatty 
acids can be esterified or metabolized to ketone bodies. 

T
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The fate of fatty acids in the liver is determined, at least 
in part, by the carbohydrate status of the host (6). A 
critical component of this regulation is malonyl-CoA, 
an intermediate in the pathway of lipogenesis. (7, 8). 
Malonyl-CoA inhibits carnitine acyltransferase I, which 
is needed to shuttle long-chain fatty acyl-CoA into the 
mitochondria for oxidation. The production of glucose 
from glycogen provides the carbon source for lipogenesis 
and, in particular, malonyl-CoA. If glucose is reduced, so 
is malonyl-CoA. The reduction in malonyl-CoA decreases 
the inhibition on (or increases the net activity of) carnitine 
acyltransferase. This allows more movement of fatty acids 
into the mitochondria, where fatty acyl-CoA is converted 
to acetyl-CoA, and later acetoacetate. Acetoacetate is in 
equilibrium with beta-hydroxybutyrate, the major ketone 
body utilized by the brain.

Passage of ketone bodies into the brain may be the 
critical factor limiting the rate of brain utilization of 
ketone bodies. Movement of ketone bodies into the brain 
relies on the monocarboxylic transport system (MCT-1). 
This is up-regulated during fasting in adults and dur-
ing milk feeding in neonates (9, 10). Fasting studies in 
humans demonstrated that the brain’s ability to extract 
ketone bodies is inversely related to the age of the sub-
ject (3). In contrast to glucose, ketone bodies can pass 
directly into mitochondria without being processed in the 
cytosol. Also, in contrast to glucose, ketone bodies may 
be used directly by neurons for metabolism (11).

Once inside the mitochondria, beta-hydroxybutyrate 
is converted to AcAc, and then to AcAc-CoA. The enzyme 
that facilitates this is 3-oxoacid-CoA transferase or succinyl-
CoA-acetoacetate-CoA transferase. As the name implies, 
this conversion requires commensurate conversion of 
succinyl-CoA to succinate. It is possible that reduced 
blood glucose and increased blood ketone may be needed 
to induce the activity of this enzyme (12).

Scientific studies of the KD have revealed important 
biochemical and metabolic observations. Appleton and 
De Vivo (4) developed an animal model to permit study of 
the effect of the KD on cerebral metabolism (Figure 57-1). 
Adult male albino rats were placed on either a high-fat 
diet containing (by weight) 38% corn oil, 38% lard, 11% 
vitamin-free casein, 6.8% glucose, 4% U.S. P. salt mixture, 
and 2.2% vitamin diet fortification mixture, or on a high-
carbohydrate diet containing (by weight) 50% glucose, 
28.8% vitamin-free casein, 7.5% corn oil, 7.5% lard, 4% 
U.S. P. salt mixture, and 2.2% vitamin diet fortification 
mixture. Parallel studies were conducted to evaluate elec-
troconvulsive shock responses and biochemical alterations. 
These studies revealed that the mean voltage necessary to 
produce a minimal convulsion remained constant for 12 
days before the high-fat diet was started and for about 10 
days after beginning the feedings (69.75 � 1.88 volts). 
After the animal was on the high-fat diet for 10–12 days, 
the intensity of the convulsive response to the established 

voltage decreased, necessitating an increase in voltage to 
reestablish a minimal convulsive response. Approximately 
20 days after the animal began the high-fat diet, a new 
convulsive threshold was achieved (81.25 � 2.39 volts) 
(P � 0.01). When the high-fat diet was replaced by the 
high-carbohydrate diet, a rapid change in response to 
the voltage was observed. Within 48 hours the animal 
exhibited a maximal convulsion to the electrical stimulus, 
which had previously produced only a minimal convulsion, 
and the mean voltage to produce a minimal convulsion 
returned to the prestudy value (70.75 � 1.37 volts).

Blood concentrations of beta-hydroxybutyrate, aceto-
acetate, chloride, esterified fatty acids, triglycerides, choles-
terol, and total lipids increased in the rats fed on the high-fat 
diet. Brain levels of beta-hydroxybutyrate and sodium were 
also significantly increased in the fat-fed rats.

De Vivo et al reported the change in cerebral metab-
olites in chronically ketotic rats and found no changes in 
brain water content, electrolytes, or pH (13). As expected, 
fat-fed rats had significantly lower blood glucose con-
centrations and higher blood beta-hydroxybutyrate 
and acetoacetate concentrations. More importantly, 
brain concentrations of adenosine triphosphate (ATP), 
glycogen, glucose-6-phosphate, pyruvate, lactate, beta-
hydroxybutyrate, citrate, alpha-ketoglutarate, and alanine 
were higher and the brain concentrations of fructose 1, 
6-diphosphate, aspartate, adenosine diphosphate (ADP), 
creatine, cyclic nucleotides, acid-insoluble CoA, and total 
CoA were lower in the fat-fed group.

FIGURE 57-1

The effect in adult rats of dietary manipulation on the elec-
troconvulsive threshold. Abstracted from the original, Apple-
ton DB, De Vivo DC, Epilepsia 15:211–227, 1974 (4), with 
permission.

Mean voltage to produce minimal
convulsion by time on diet



57 • THE KETOGENIC DIET 741

The biochemical implications of these results can be 
grouped into three major categories:

 1. Glycolysis and glucose flux are reduced during keto-
sis. As Wilder originally postulated, the effects of 
eating a high-fat, low-carbohydrate diet are similar 
to the biochemical consequences of starvation (2). In 
this regard, the reduction in glycolysis makes physi-
ologic sense, because the starving organism wants to 
make every attempt to preserve the rather meager 
stores of glycogen and to provide the brain with 
an alternate, more substantial fuel for metabolism 
(ketone bodies from fats). Measurements of glucose 
flux in children and adults during ketosis have con-
firmed the reduced utilization of glucose. Haymond 
et al. performed sequential glucose flux studies in 
11 children (5 control, 6 with epilepsy) and 10 adult 
volunteers using tagged glucose (14). All subjects 
were studied after a fast while consuming either a 
normal diet or the KD. The authors found that glu-
cose flux and ketonemia were inversely related, par-
ticularly when corrected for estimated brain mass. 
This was consistent with the replacement of glucose 
by ketone bodies for cerebral metabolism.

 2. Tricarboxylic acid (TCA) cycle flux is increased by 
chronic ketosis. The enzyme alpha-ketoglutarate 
dehydrogenase is the rate-limiting enzyme in TCA 
cycle function. The major inhibitor of this enzyme 
is the concentration of the product of the reaction, 
succinyl-CoA. This product is relatively reduced in 
the fat-fed group (down 26%), implying that alpha-
ketoglutarate dehydrogenase should be functioning 
at maximal capacity. Yet concentrations of alpha-
ketoglutarate, the substrate for this enzyme, was 
found to be elevated 11% in the fat-fed group. The 
most plausible explanation is that the TCA cycle is 
driven to its maximal capacity and is overwhelming 
the ability of this rate-limiting enzyme to deal with 
substrate.

 3. Cerebral energy reserves are increased by chronic 
ketosis.

Cerebral energy reserves were calculated from these 
measurements using the following equation (15):

Energy reserve 	 (PCr � ADP) � 2(ATP � glucose) 
� 2.9(glycogen)   (1).

Applying the values determined for phosphocreatine 
(PCr), ADP, ATP, glucose, and glycogen enabled the cal-
culation of the reserves. Energy reserves were significantly 
higher in the fat-fed rats (26.4 � 0.6) compared to those 
in the controls (23.6 � 0.2) (P � 0.005).

Ketone bodies are thermodynamically more efficient 
fuels than glucose because they avoid the less efficient 
glycolytic pathway (Figure 57-2) (16). Animals fed an 

equivalent amount of calories in the form of high-fat diets 
are therefore expected to have more efficient energy pro-
duction. Assuming that energy demands do not substan-
tially change during fasting, the increased efficiency of 
ketone body utilization most likely contributes to higher 
energy reserves.

Pan et al used 31P spectroscopic imaging at 4.1T 
to demonstrate an elevated ratio of phosphocreatine or 
inorganic phosphorus in patients on the KD and con-
cluded that there was improvement of energy metabolism 
with use of the diet (17). Seven patients with intractable 

FIGURE 57-2

Summary of the relevant metabolic pathways affected by the 
ketogenic diet. The arrows  and  indicate significant dif-
ferences of brain metabolites between ketotic animals and 
nonketotic animals. (A) phophofructokinase; (B) pyruvate 
dehydrogenase; (C) alpha-ketoglutarate dehydrogenase; 
(D) 3-oxoacid-CoA transferase; TCA, tricarboxylic acid; SSA, 
succinic semialdehyde. The biochemical observations imply 
that cerebral energetics is improved by chronic ketosis. These 
findings also suggest that flux rates through the tricarboxylic 
acid cycle and the gamma-aminobutyrate (GABA) shunt may 
be maximized and that GABA effects may be augmented. 
Used with permission from Nordli and De Vivo, 1997 (16).
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epilepsy (four with Lennox-Gastaut syndrome, one with 
absence seizures, one with primary generalized tonic-
clonic seizures, and one with partial complex seizures) 
were studied before and after institution of the KD. 
Coronal 1H anatomic imaging was performed to provide 
a correlate to the 31P data. Ratios of PCr:ATP were mea-
sured at baseline and compared with those obtained after 
the KD. These showed a small but significant increase from 
0.61 � 0.08 to 0.69 � 0.08 (P � 0.05). The ratio of PCr 
to inorganic phosphorus also changed from 2.45 � 0.27 
at baseline to 2.99 � 0.44 during the diet (P � 0.05). The 
authors calculated an increase in the �G of ATP hydrolysis 
from 12.5 kcal/mol to 12.85 kcal/mol, or 2.5%.

In summary, the available biochemical data sug-
gest that the KD favorably influences cerebral energetics 
by increasing cerebral energy reserves. This may be an 
important mechanism behind the increased resistance to 
seizures in ketotic brain tissue and the favorable cognitive 
effect sometimes seen with the KD.

Direct Anticonvulsant Effects of Ketone Bodies

There are direct anticonvulsant effects of the ketone bod-
ies that perhaps relate to the chemical structural similari-
ties of GABA, beta-hydroxybutyrate, and acetoacetate 
(Figure 57-3). Rats given intraperitoneal acetone showed 
reduction in seizures in the maximal electroshock, pentyl-
enetetrazole, generalized-kindled seizures, focal-kindled 
seizures and AY-9944 models (18). Acetoacetate and 
acetone also suppressed seizures in Frings audiogenic, 
seizure-susceptible mice (19).

Possible Neuroprotective Effects Mediated by 
Mitochondrial Uncoupling Protein

In a model thought to mimic human idiopathic epilepsy, 
EL mice were shown to have a delayed development of sei-
zures, implying an antiepileptogenic effect of the KD (20). 
This and the results of other studies also suggested a pos-
sible neuroprotective effect of the KD, perhaps involving 
inhibition of caspase-3-mediated apoptosis (21, 22). Oth-
ers have examined the effect of the KD on mitochondrial 
uncoupling protein in the hippocampi of juvenile mice. 
Mitochondrial respiration rates were found to be sub-
stantially higher, and Western blots showed significant 
increases in uncoupling protein levels, particularly in the 
dentate gyrus of KD-fed mice. This, combined with the 
results of reactive oxygen species studies, suggested that 
the KD might be neuroprotective by diminishing reactive 
oxygen species production through activation of mito-
chondrial uncoupling proteins (23).

INITIATION OF THERAPY

Prior to the initiation of the KD, a nutrition support team or 
registered dietitian performs a comprehensive assessment. 
The nutritionist or dietitian asks whether there have been 
any gastrointestinal problems, food allergies, or feeding 
difficulties, such as problems with sucking, swallowing, or 
chewing. They also note the patient’s weight, height, usual 
weight, weight pattern since birth, and head circumfer-
ence. Next, weight-for-age and height-for-age are plotted 
and ideal body weight-for-height is determined. Labora-
tory data are used other tools for nutritional assessment of 
the patient, and we routinely obtain serum protein, lipid 
profile, electrolytes, free and total carnitine, hemoglobin, 
hematocrit, and red blood indices.

The nutritionist or dietitian reviews the method of 
delivery of the KD, taking into consideration factors such 
as the patient’s age, stage of development, and expected 
tolerance of the regimen. In the usual case, the KD is 
offered in a normal, by-mouth fashion, with the expecta-
tion being that the patient will eat and drink as is appro-
priate for his or her developmental stage. The consistency 

FIGURE 57-3

Chemical structural similarities of GABA, acetoacetate, 
gamma-hydroxybutyrate, and beta-hydroxybutyrate.
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of the KD can be altered to adjust for feeding difficulties. 
In very rare circumstances, the nutritional support team 
may recommend the use of a feeding tube. If patients are 
to be fasted, they should be hospitalized for the initiation 
of the KD. Close observation is important because a child 
with an occult underlying inborn error of metabolism, 
particularly one that interferes with utilization of ketone 
bodies, could quickly decompensate (24). The hospital-
ization also provides the opportunity for family members 
to be instructed on the maintenance of the diet.

Although this is the traditional method of starting 
the KD for many, others argue that a fast is not necessary 
and that equivalent or superior results can be obtained 
without fasting (25). In one study, Bergqvist and colleagues 
randomized children who were starting the KD into two 
groups: one group began with a 24- to 48-hour fast, and 
the other had a gradual initiation of the KD without a 
fast (26), They found no difference in efficacy between 
the two groups, but those who had a gradual initiation of 
the KD without fasting had less weight reduction, fewer 
episodes of hypoglycemia, less treatments for acidosis, and 
a reduced need for intravenous (IV) fluid treatment for 
dehydration.

The LCT diet consists of three or four parts fat to 
one part nonfat (carbohydrate and protein) calculated 
on the basis of weight. It is computed to provide 75 to 
100 kcal/kg per body weight and 1–2 g dietary protein/kg 
of body weight per day. Caloric requirements are adjusted 
to minimize weight gain and to maximize ketonemia. If 
a 3:1 (fat-to-nonfat) ratio is insufficient to produce the 
required ketosis, a ratio of 4:1 is used.

THE CONVENTIONAL KD OR LCT DIET

Prior to initiating the conventional KD or LCT diet, a 
dietary prescription is made. Calculation of this prescrip-
tion is straightforward. For example, if a 10-kg 2-year-old 
child is to be started on a 3:1 diet, one begins by estimat-
ing the calorie requirements of the child:

 10 kg � 100 kcal/kg/day 	 1000 kcal/day (2)

Alternatively, consulting a table of recommended 
daily allowances (RDA) may derive this figure. In either 
case, it may require adjustment based on the child’s indi-
vidual metabolic needs. In general, starting prescriptions 
should begin with 75–80% of RDA needs, but these 
figures may need to be modified depending on the child’s 
level of activity.

The 3:1 ratio of the diet stipulates that 4 grams of 
food must contain 3 grams of fat and 1 gram of nonfat. 
The nonfat consists of both carbohydrate and protein. 
One gram of fat has the caloric equivalent of nine calo-
ries, whereas 1 gram of protein or carbohydrate has the 
calorie equivalent of approximately four calories. Four 

grams of food (arbitrarily referred to as one unit here) 
on a 3:1 diet is equal to 31 calories:

 1g fat 	 9 calories � 3 	 27 calories

1g protein and carbohydrate 	 4 calories � 1 	 4 calories

 Total calories 	 27 � 4 	 31 calories per unit (3)

To calculate the daily fat intake, one first divides 
the daily requirements of calories by this number of 31 
calories per unit, which generates the number of units 
required for the day:

1000 calories/day/31 calories/unit 	 32.25 units/day (4)

Next, multiplying by 27 calories of fat per unit pro-
vides the daily fat requirement:

 32.26 units/day � 27 calories of fat per unit 	
   871 calories of fat per day (5)

which is equivalent to 96 grams.
The protein requirement depends on the age of the 

child: children ages 1–3 years require 1.2 g protein/kg/
day, children ages 4–6 years require 1.1 g protein/kg/day, 
and children ages 7 and up require 1 g protein/kg/day. For 
this child, the requirement would be 10 kg � 1.2 g/kg or 
12 g/day (48 calories). Alternatively, one may consult the 
RDA table to determine the protein requirement.

So far, the combination of 871 calories of fat 
and 48 calories of protein leaves only 81 calories (i.e., 
1,000 – 919) that are not accounted for in the daily 
allowance. The carbohydrate intake is calculated to sup-
ply the necessary remaining calories (81 calories), which 
is approximately 20 g.

The diet prescription for this 10-kg patient on a 3:1 
LCT diet is the following:

 Fat: 96 grams per day or 32 grams per meal

 Protein: 12 grams per day or 4 grams per meal

Carbohydrate: 20 grams per day or 7 grams per meal

Meal Preparation

Meal preparation is key to the success of the diet for 
patients who are fed by mouth. The meals can be generated 
using calculations either by a trained dietitian or utilizing 
a computerized program. The advantage of involving a 
dietitian for the KD is that meals are calculated under 
strict guidelines to ensure that they meet the prescription 
of the diet and also the child’s complete dietary needs. 
The dietitian may also provide valuable insights into the 
timing of meals and snacks to help maximize consistent 
control of ketosis and seizures. If parents utilize a home 
computer program, a dietitian should oversee these reci-
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pes to ensure that the nutritional elements are complete 
and within the doctor’s prescription.

When the diet is begun, the number of meal options 
should be limited to help eliminate errors. Over time, 
meal options can be increased to provide variety. Variety 
is important because it increases satisfaction and thereby 
helps encourage continuation on the diet. Some institu-
tions use a fruit and vegetable exchange system, which 
allows these foods to be organized by categories and 
substituted without the need for arduous recalculations. 
While on the KD, children need daily supplements of cal-
cium and a multivitamin. Care must be taken so that these 
supplements (and all medications) are appropriately low 
in carbohydrates. The diet ratio, total calories, or both 
may need to be altered with the help of the physician to 
maximize seizure control. Dietary protein may also need 
adjustment to ensure proper growth. (27)

Liquid KD

For infants who are bottle-fed or older children who 
are tube-fed, the KD can be adapted to a liquid form. 
The ingredients are available through a pharmacy, and 
the preparation is simple for parents to learn. There are 
two regimens that can be prescribed for the liquid KD: 
KetoCal® and the modular formula with a product manu-
factured by Ross Laboratories, Columbus, Ohio: Ross 
Carbohydrate Free (RCF®). KetoCal®, manufactured 
by Nutricia North America (Rockville, Maryland), is a 
nutritionally complete formula powder that provides a 
4:1 ketogenic ratio. It contains 30 g of protein/L, 144 g 
of fat/L, and 6 g of carbohydrate/L. This diet regimen 
has a makeup of 90% fats (all of which are LCT), 1.6% 
carbohydrates, and 8.4% protein. In addition, each 
liter provides 1,600 mg of calcium, 600 mg of sodium, 
2,160 mg of potassium, and 22 mg of iron. This supplies 
100% of the recommended vitamins and minerals, even 
at 75% of the RDA. No additional vitamin or mineral 
supplementation is necessary.

As an alternative, Ross Carbohydrate Free (RCF®)
is a soy-based formula with iron that provides essential 
proteins and nutrients for the diet. It contains 40 g of 
protein/L, 72 g of fat/L, and 0.08 g of carbohydrate/L. In 
addition, each liter supplies 1,400 mg of calcium, 591 mg 
of sodium, 1,460 mg of potassium, and 24.3 mg of iron. 
RCF is used in conjunction with Ross Polycose® Glu-
cose Polymers for carbohydrate and Microlipid® from 
Sherwood Services AG (St. Louis, MO) to provide the 
fat portion of the liquid KD. This is an emulsion of 
50% fat that contains safflower oil and provides 1 gram 
of fat per 2 mL. The formula made from the mixture 
of RCF®, Polycose®, and Microlipid® can be given at 
scheduled bolus feedings or as a continuous enteral 
tube feeding. This formula method is utilized less often 
than the KetoCal® formula solely because of the ease 

of use of the latter. The RCF® regimen is lactose- and 
gluten-free and therefore is useful in patients with known 
sensitivities to these substances. When using KetoCal®
or RCF® in combination with food, the formulas should 
contribute approximately 50% of the patient’s total 
energy needs; the remaining half should come from food 
sources. The need for supplementation should be con-
sidered when a combination of food and liquid forms of 
the diet is prescribed.

Maintenance of Therapy

After discharge from the hospital, the child and family 
are closely monitored. Typically, a dietitian contacts the 
family, often by telephone, within one week from dis-
charge to assess the patient’s tolerance of the diet and the 
caregiver’s comfort level. The call is also used to assess 
for unforeseen needs related to the KD or new questions 
that may have arisen in the interim. The first scheduled 
outpatient visit is typically one month from the initiation 
of the diet, with return visits every three months there-
after. At each visit, note is made of tolerance, apparent 
palatability, bowel habits, seizure control, and urinary 
ketone measures. The patient’s height, weight, and head 
circumference are measured and plotted at each visit.

Modified Atkins Diet for Seizures

The Atkins diet can be modified for use in patients with 
intractable epilepsy. It is similar to the KD in that there is 
a higher proportion of fat and a lower proportion of car-
bohydrates compared with that in regular diets. Prior to 
starting on the Atkins Diet, the patient and caregivers read 
the book, New Diet Revolution, by Robert Atkins, MD. 
The dietitian evaluates a 3- to 7-day log of the patient’s 
habitual diet, paying attention to the amount of carbohy-
drates. The amount of carbohydrates is halved for 1 week 
following this assessment. Seizure control is evaluated, and, 
if appropriate, carbohydrates are again cut by a quarter to 
a half to improve seizure control. Once the diet is initiated, 
ketones are checked periodically using a urine dipstick.

The scope of use for the Atkins diet is not well 
known. In a study of 20 patients with intractable epilepsy, 
the Atkins diet was effective and well tolerated. On the 
Atkins diet, all 20 children had at least moderate ketones 
within 4 days. In the 16 patients who completed the 
6-month study, 13 (65%) had a seizure reduction of greater 
than 59% and 7 (35%) had a seizure reduction of greater 
than 90%; 4 patients (25%) were seizure-free (28).

RESULTS

Livingston reported extensive (41-year) experience with 
the diet in the treatment of myoclonic seizures of child-
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hood (29). He stated that it completely controlled seizures 
in 54% of his patients and markedly improved control in 
another 26%. Therefore, only 20% of patients did not 
respond. In Livingston’s experience, the diet was ineffec-
tive in controlling either true “petit mal” or temporal lobe 
epilepsy, although others have found the diet helpful in a 
wide variety of seizure types (30).

Other investigators using both the “classic” diet and 
its variants have reported results similar to Livingston’s. 
In 63 studies of 55 patients conducted by Schwartz et al., 
a total of 51 studies (81%) showed a reduction greater 
than 50% in seizure frequency regardless of the type 
of diet used (31). Others, however, have found that the 
MCT diet is slightly less efficacious, with 44% of patients 
achieving a reduction greater than 50% in the number of 
seizures (32). A corn oil KD was found to be equally ben-
eficial compared with the MCT diet (33). Seizure control 
appears to be inconsistently accompanied by electroen-
cephalographic improvement (34).

In a prospective study of the diet, 150 children 
with intractable seizures were treated. Seizure frequency, 
adverse effects, and reasons for diet discontinuation were 
noted. Three months after initiation, 83% of children 
remained on the diet and 34% had a reduction greater 
than 90% in seizures. After 1 year, 55% remained on 
the diet and 27% had a reduction greater than 90% in 
seizures (35).

Clinical experience suggests that, in addition to 
improved seizure control, the diet may have a calming 
effect on behavior and may stabilize mood. Although one 
study with rodents failed to duplicate this effect, another 
showed reduction in the Porsolt test scores, interpreted 
as a reduction in “behavioral despair” (36, 37).

INDICATIONS FOR USE

Primary Therapy

The KD is first-line therapy for the treatment of seizures 
in association with glucose transporter protein defi-
ciency and pyruvate dehydrogenase deficiency. (38–40) 
(Figure 57-4). In both cases, the diet effectively treats 
seizures while providing essential fuel for brain metabolic 
activity. In this manner, the diet is not only an anticon-
vulsant treatment, but also treats the other nonepileptic 
manifestations of these diseases.

Secondary Treatment

The KD may be considered as an alternate treatment, usu-
ally after the failure of valproate (VPA), for generalized 
epilepsies, particularly those with myoclonic seizures, 
including severe myoclonic epilepsy of infancy and myo-
clonic absence epilepsy (41, 42). Given the effectiveness 

of the diet in the treatment of myoclonic epilepsies, it could 
be considered as first-line treatment for patients with these 
conditions, but no comparative studies exist. The KD can be 
beneficial in infants with West syndrome who are refractory 
to corticosteroids and other medications (43–45). Based on 
Keith’s data and our own experience, the KD may also be 
useful in the treatment of children with refractory absence 
epilepsy without myoclonus (46). Additionally, in one 
study in which a modified Atkins diet was used to treat 
children with intractable epilepsy, four out of five children 
with absence had a reduction greater than 50% and three 
went at least one month without seizures (28).

Further Possible Indications

Partial Seizures. It is very difficult to determine the 
efficacy of the diet in the treatment of partial seizure 
disorders. Livingston stated that the diet was not effec-
tive in treating patients with partial seizures. Keith did 
not classify his patients in a manner that allows one to 
determine the effectiveness in partial seizures. In cur-
rent use, the diet is usually prescribed for children with 
other forms of refractory epilepsy. In kindled animals, a 
model of focal epilepsy, the diet was shown to have at 
least transient anticonvulsant properties (47). This bol-
sters the consideration of its use in children with refrac-
tory partial epilepsy. Nevertheless, although the diet 
may be considered in this group, there is no compelling 
clinical data to favor its use. Therefore, children with 
refractory partial seizures should be evaluated to deter-

FIGURE 57-4

The EEG of a 5-year-old with glucose transporter protein defi-
ciency. There are bursts of generalized spike-wave activity 
with a regular repetition rate. These bursts correlated with 
clinical absence attacks. After several days of the ketogenic 
diet there was a marked dimunition in the frequency of the 
seizures and epileptiform activity.
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mine if they are candidates for focal resective surgery. If 
they are, surgery need not be delayed to institute a trial 
of the KD. On the other hand, if drugs have failed and 
the patient is deemed to be a poor surgical candidate, the 
diet should be considered. It would seem inappropriate 
to treat children with otherwise benign seizure disorders, 
such as febrile seizures, benign rolandic epilepsy, benign 
occipital epilepsy, and benign familial neonatal convul-
sions with the KD.

Other Possible Indications. Preliminary experience 
showing some beneficial effects of the KD have been 
reported in the following disorders: Lafora body disease 
(48), partial seizures in children with tuberous sclerosis 
(49, 50), Rett syndrome (51), glycogenosis type V (52), 
and subacute sclerosing panencephalitis (53).

ADVERSE EFFECTS OF THE KD

The diet has several adverse effects that are important to 
note. In general the KD can cause nausea and vomiting, 
fatigue, loss of appetite, and hypoglycemia. These tend to 
be short-term effects that are seen most frequently during 
the initiation of the diet and usually resolve within the 
first few weeks of treatment.

A variety of long-term side effects can occur, some 
of which can be identified by screening, but others only 
by clinical symptoms. Renal calculi may develop and 
may be exacerbated by concurrent treatment with car-
bonic anhydrase inhibitors. Although these medications 
may be cautiously continued in patients, their use will 
effectively double the incidence of kidney stone for-
mation, when examined as a function of patient-years 
exposure(54). Discontinuation or reductions of these 
medications should be considered, particularly if the 
patient has a family history of urolithiasis, hematuria, 
or elevated urine calcium-to-creatinine ratio. Bicarbonate 
levels have been monitored in patients on the KD concur-
rently treated with topiramate (55). These were found 
to decrease markedly at the time of diet initiation. The 
authors recommended monitoring of bicarbonate levels 
in these children and supplementation for symptomatic 
patients. Metabolic acidosis may occur in general in 
patients on the KD, but the lower limit of safe levels of 
acidosis is not clearly established. We check for acido-
sis if there are clinical symptoms (lethargy or fatigue), 
and, if they are confirmed, we recalculate the dietary 
prescription. If the patient is on concurrent carbonic 
anhydrase inhibitors, these are further reduced. It may 
also be necessary to increase total calories or reduce 
the ratio of the diet. Elevated blood lipids can occur, 
and one study found increases at 6 months of treat-
ment with the KD in low-density lipoprotein (LDL), 

very low-density lipoproteins (VLDL), non-high-density 
lipoprotein cholesterol, triglycerides, and total apoli-
poprotein B. At the same time, mean HDL cholesterol 
decreased while apoA-I increased. These changes were 
still significant, but were less pronounced, at 12 months 
and 2 years (56). The clinical significance of this for 
atherosclerosis is not yet known.

Osteopenia and slowed growth rates are other pos-
sible consequences of the diet (57). Patients on the KD 
exhibit a significantly reduced quantity of bone mass, 
which improves in response to vitamin D supplementa-
tion. Growth rate is carefully tracked, and calories and 
protein are altered to ensure proper growth (58). Vita-
min deficiency should be evaluated, and supplementa-
tion should be consistent throughout treatment on the 
diet. A low-carbohydrate multivitamin and a calcium 
supplement are recommended for patients on the diet. 
Selenium deficiency was reported in nine children on the 
KD, and cardiomyopathy was attributed to this deficiency 
in one patient (59). Lipemia retinalis developed in two of 
Livingston’s patients (60). Bilateral optic neuropathy has 
been reported in two children who were treated with a 
4:2 classic KD. These patients were not originally given 
vitamin B supplements. Vision was restored in both after 
administration of supplements. Thinning of hair and alo-
pecia may occur.

Constipation occurs in some patients because of the 
decrease in carbohydrates and bulk. To treat constipa-
tion, increase fluids, utilize Group A vegetables. These 
have fewer carbohydrates and therefore allow for a larger 
portion size. If constipation continues, suppositories or 
daily oral stool softeners may be useful.

Severe adverse effects of the KD are pancreati-
tis, death, and coma. A lethal case of pancreatitis was 
reported in a patient with gemfibrozil-controlled hyper-
triglyceridemia that developed after initiation of the 
diet (61). Kang et al. reported deaths in 3.1% of their 
patients, caused by sepsis, cardiomyopathy, and lipoid 
pneumonia (62).

Precautions

The KD may be lethal in circumstances in which cerebral 
energy metabolism is deranged. An example of this is 
pyruvate carboxylase deficiency, a condition in which 
patients may present early in life with refractory myo-
clonic seizures (24). Mitochondrial disorders or diseases 
that involve the respiratory chain, such as myoclonic 
epilepsy with ragged red fibers (MERRF); syndrome of 
mitochondrial encephalomyopathy, lactic acidosis, and 
strokelike episodes (MELAS); and cytochrome oxidase 
deficiency, would also probably be contraindications 
for use of the KD, because of the increased stress on 
respiratory chain and TCA cycle function. Patients who 
have problems with fatty acid oxidation would also be 



57 • THE KETOGENIC DIET 747

adversely affected by the KD, but such patients do not, 
as a rule, present with seizures.

Stopping the KD

The KD should be stopped gradually. A sudden stop of 
the diet or sudden administration of glucose may aggra-
vate seizures and precipitate status epilepticus. Livings-
ton advocates maintaining the diet at a ratio of 4:1 for 
2 years and, if successful, weaning down to a 3:1 diet 
for 6 months, followed by 6 months of a 2:1 diet. At this 
point, a regular diet is given. We have not utilized such 
a rigorous protocol.

Potential Adverse Drug Interactions

Carbonic anhydrase inhibitors such as acetazolamide, 
zonisamide, and topiramate should be avoided, particu-
larly in the early stages of treatment with the KD. VPA is 
an inhibitor of fatty acid oxidation and mitigates hepatic 
ketone body production. When possible, therefore, we 
avoid use of this agent, but one retrospective study found 
no difference in relatively small numbers of patients (total 
of 71) who were taking (24) or not taking (47) VPA (63). 
Adrenocorticotropic hormone (ACTH) is not used while 
patients are on the KD.

Carnitine supplementation is complex. It is often 
used to supplement the diet of patients with various 
metabolic derangements whose defects allow a buildup 
of undesirable intermediates (64). One study summarized 
the findings of serial measurements of serum carnitine in 
patients on the KD. Multiple anticonvulsant medications 
were found to lower the total serum carnitine level, but 
actual deficiency was uncommon. Most patients had a 
gradual improvement in levels with long-term treatment 
and did not appear to require supplementation with car-
nitine (65). These factors must be weighed in each patient, 
and the decision to use the supplementation should be 
individualized. A measure of the serum carnitine concen-
tration may be helpful in making this decision.

ILLNESS PROTOCOL

While on the KD, children may have periodic normal child-
hood illness or periodic interruptions of the feedings for other 
reasons, such dental procedures. All medications should be 
evaluated for carbohydrate content, and elixirs should be 
avoided because they usually contain high levels of sugars.

Children may require an increased amount of liq-
uid during an illness because of increased insensible 
losses and fluid intake should be adjusted accordingly. 
Table 57-1 outlines common problems and associated 
suggestions:

DURATION OF TREATMENT AND 
STOPPING THE KD

The KD occasionally shows results immediately, but for 
many patients it may take several months to achieve opti-
mal effect. While on the diet, patients need adjustments 
to account for increase caloric needs or ratio. We usu-
ally encourage parents to give the KD a trial for at least 
3–6 months. If the diet is not sufficiently effective, we wean 
the diet by decrements of 0.5 over several months. The diet 
is abruptly stopped only in urgent circumstances.

TABLE 57-1
Common Ketogenic Diet Issues

PROBLEM SUGGESTIONS

Vomiting  Stop ketogenic meals; offer fluids 
to avoid dehydration, includ-
ing fluids without glucose; refer 
to pediatrician for evaluation if 
vomiting is protracted.

If vomiting continues for more 
than 24 hours and no seri-
ous medical illness is found, 
offer unflavored Pedialyte until 
patient can tolerate ketogenic 
foods, starting with lower fat 
ratio, and increase as child 
recovers.

Diarrhea Increase binding foods if possible
(bananas, rice, applesauce, 
toast). Dietitian may be able to 
add these temporarily.

If needed, use a lower ratio until 
 child recovers.

Fever or pain  Acetaminophen suppositories have 
no carbohydrate; all medications 
should be checked for carbohy-
drate content.

Hospitalization If intravenous fluids are necessary, 
make sure to use glucose-free 
solutions.

If clinical signs of hypoglycemia 
are present and stat measure-
ment confirms this, give single 
bolus of glucose (1 g/kg of body 
weight). 75 mL of D5 	 3.75 
grams of carbohydrate 	 20 mL 
of orange juice.

General anesthesia  Give carbohydrate-free intrave-
nous solutions, monitor serum 
pH and bicarbonate levels (66).



V • ANTIEPILEPTIC DRUGS AND KETOGENIC DIET748

If there is a complete response and patients are sei-
zure free on the diet, the diet is often continued for 2 years 
and then weaned over several months, again usually by 
decrements of 0.5 ratio.

CONCLUSIONS

It is remarkable that 70 years and scores of drugs later, the 
KD still retains a role in the modern treatment of children 
with refractory epilepsy. However, even with our new phar-
macologic armamentarium, there remain patients whose 
epilepsy is resistant to the effects of antiepileptic medica-
tions. Indeed, once several antiepileptic drugs (AEDs) with 
multiple mechanisms of action have failed, it is unlikely 
that another will demonstrate good efficacy. In a sense, 
these patients may be declaring that they are not candi-
dates for drugs and that they require alternate forms of 
treatment, such as the KD or surgery. Yet, it is still difficult 
to determine who these patients are at the onset, and the 
only reliable way to determine the refractory nature of 

their epilepsy is by trying treatment with various AEDs. 
Improvements in the classification of epilepsy, animal 
models, clinical studies, and deeper insights into the basic 
pathogenesis of refractory epilepsy will most likely provide 
useful information in this regard. In the meantime, physi-
cians caring for children with epilepsy must still carefully 
weigh the known risks and benefits of all forms of treat-
ment and use their best clinical judgment in order to arrive 
at the optimal regimen for their patients.
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Inflammation, Epilepsy, 
and Anti-Inflammatory 
Therapies

n understanding of the etiologic 
role played by the immune system 
in the genesis or modification of 
the human epilepsies is compli-

cated by the paucity of high-quality data based on clini-
cal research. It is reasonable to propose a major role 
for inflammation in the intractable epilepsy associated 
with Rasmussen encephalitis, and yet present treatment 
remains surgical. On the other hand, immunomodula-
tory therapy involving adrenocorticotropic hormone 
(ACTH) or corticosteroids is more convincingly estab-
lished for the treatment of infantile spasms, a syndrome 
that is not generally attributed to an inflammatory etiol-
ogy. The clinical literature abounds with scattered and 
anecdotal reports on the efficacy of ACTH, corticoste-
roids, or intravenous immunoglobulin (IVIG) in a vari-
ety of difficult-to-treat epilepsy syndromes, but almost 
always as a treatment of last resort; no randomized, 
placebo-controlled, and blinded studies are available. 
The foregoing statements are obvious to most clinicians 
but are recounted here to describe the challenge fac-
ing the writers on this important and rapidly evolving 
topic. It is clear that the topic requires a review of what 
has been established by basic scientific inquiry before 
a description of the clinical data and speculation on 
future developments.

Stéphane Auvin
Raman Sankar

BASIC SCIENCE

Inflammation and Epilepsy

There is a reciprocal relationship between seizures and 
inflammatory cytokines (1). In many experimental sys-
tems, proinflammatory stimuli exhibit proconvulsant 
properties. On the other hand, seizure or status epilepti-
cus (SE) that is induced by chemical or electrical stimula-
tion has been demonstrated to enhance the expression of 
proinflammatory cytokines such as interleukin-1beta (IL-
1beta), interleukin-6 (IL-6), and tumor necrosis factor-
alpha (TNF-alpha) (1).

The proconvulsant effects of inflammation have 
been studied in animals using the bacterial endotoxin 
lipopolysaccharide (LPS), which induces a broad inflam-
matory response, or by employing specific cytokines. The 
latter have also been used to study effects on excitability 
in in-vitro preparations. LPS is a component of the outer 
membrane of gram-negative bacteria and is recognized 
by cells of the immune system. The effects of LPS in the 
central nervous system (CNS) are conceivably related to 
stimulating production of several microglial cytokines 
(2, 3), although a direct effect through Toll-like receptor 
(TLR) is also possible (4). IL-1beta has been the most 
studied cytokine. IL-1beta is a proinflammatory cytokine 
involved in immune defense against infection.

A
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Inflammatory Enhancement of Seizure Susceptibility.
Seizure susceptibility to pentylenetetrazol (PTZ) is 
enhanced in mice by preadministration of LPS, and this 
phenomenon is blocked by anti-inflammatory drugs (5, 6). 
Using LPS from Shigella, Yuhas et al first showed that LPS 
enhanced the sensitivity of mice to PTZ-induced seizures 
via mechanisms involving TNF-alph, IL-1beta, and nitric 
oxide (5). LPS produced a decrease in seizure threshold 
in a dose- and time-dependent manner. The role of nitric 
oxide (NO), prostaglandins (PGs), and the endogenous 
opioid systems in mediating the effect of LPS was sug-
gested by the ability of specific antagonists of those sys-
tems to mitigate the effect of LPS (6). Heida et al. (7) 
showed that the combination of LPS and subconvulsant 
doses of kainic acid (KA) resulted in convulsions in 
approximately 50% of animals, with very low mortal-
ity in P14 rat pups. In the genetically epileptic Wistar 
Albino Glaxo/Rijswijk rat strain (WAG/Rij, a rat model 
for absence epilepsy), the high voltage spike-wave dis-
charges increased in number and duration proportion-
ate to dose of LPS (10–350 �g/kg) administered (8). In 
the same model, repetitive administration of LPS daily 
for 5 days initially increased the number of spike-wave 
discharges, but a tolerance was observed on the fifth day. 
The LPS-induced increase in spike-wave discharges was 
not directly correlated with the elevation of the core body 
temperature (8).

Cytokines and Seizure Activity. Vezzani et al. (9) demon-
strated the reciprocal relationship between IL-1beta and 
seizure activity. Induction of seizures by KA or bicuculline 
injection resulted in expression of IL-1beta and microglial 
activation. Injection of human recombinant IL-1beta into 
the hippocampus 10 minutes preceding the application of 
KA prolonged the seizures induced by KA, whereas coin-
jection of an IL-1beta receptor antagonist (IL-1RA) or 
an N-methyl-D-aspartate (NMDA) antagonist prevented 
this effect. The IL-1RA demonstrated powerful anticon-
vulsant effect (10). IL-1beta also lowered the threshold 
for hyperthermic seizures and even produced seizures by 
itself (11). IL-1beta receptor–deficient mice were resis-
tant to experimental hyperthermic seizure model. This 
resistance appeared to be independent of genetic back-
ground and was attributed to lack of IL-1beta signaling, 
because exogenous cytokine reduced seizure threshold in 
wild-type, but not receptor-deficient, mice independent of 
strain. In addition, high IL-1beta doses induced seizures 
only in IL-1beta receptor–expressing mice (11).

Transgenic mice with glial fibrillary acidic pro-
tein (GFAP) promoter–driven astrocyte production 
of the cytokines IL-6 and TNF-alpha were studied in 
terms of their susceptibility to experimentally induced 
seizures (12). GFAP-IL6, but not GFAP-TNF, mice 
showed markedly enhanced sensitivity to glutamatergic- 
but not cholinergic-induced seizures. Consistently, 

intrahippocampal injection of TNF-alpha in mice 
inhibits seizure (13).

A recent study of surgically resected tissue involving 
focal cortical dysplasia found a significant number of 
cells of macrophage and microglia line that were immu-
nocytochemically recognizable as CD68- and human leu-
kocyte antigen (HLA)-DR-positive (14). Another study 
of brain tissue removed surgically for the treatment of 
intractable epilepsy found immunocytochemical evi-
dence for IL-1beta signaling in a substantial population 
of neurons and glia surrounding focal cortical dysplasia 
or glioneuronal tumors (15). Such was not the case in 
histologically normal perilesional tissue or normal con-
trol cortex, suggesting that this signaling probably does 
not represent seizure-induced activation of cytokines and 
may, in fact, have a causative role in the epileptogenicity 
of the dysplastic lesion.

Potential Mechanisms Underlying 
Altered Excitability

Several studies have observed a relationship between 
cytokines and neurotransmitter systems that modulate 
neuronal excitability. Evidence has been found to support 
the interaction of cytokines, especially IL-1beta, with glu-
tamatergic and gamma-aminobutyric acid (GABA)ergic 
systems, both directly (at the level of receptors and ion 
channels) and indirectly (via neuromodulatory sys-
tems). Direct mechanisms include effects on glutamate 
and GABA receptor trafficking that amplify excitatory 
response and limit inhibitory response.

Direct interaction with the glutamatergic systems 
can take place by at least two routes: (1) enhancement of 
extracellular glutamate concentrations and (2) increased 
function of the NMDA and/or -amino-5-methyl-
3-hydroxy-4-isoxazolepropionic acid (AMPA) receptors. 
IL-1beta has been shown to inhibit glutamate reuptake in 
cultures of rat and human astrocytes (16, 17). IL-1beta 
activates inducible NO synthase, leading to production 
of NO and subsequent increase in glutamate release 
(18, 19). In addition, cytokines can enhance substance 
P release (20), and substance P, in turn, can augment 
cytokine expression (21). Substance P can also enhance 
glutamate release and contribute to maintenance of sei-
zure activity in hippocampal networks (22).

The proconvulsant activity of IL-1beta via NMDA 
receptors was first suggested in animal models when 
IL-1beta activity was found to be blocked by a selec-
tive competitive antagonist of NMDA receptors (9). 
The interaction between IL-1beta and NMDA receptors 
was described in further detail in a latter report (23). 
IL-1beta increased NMDA receptor function through 
activation of tyrosine kinases and subsequent NR2A/B 
subunit phosphorylation, resulting in an increase of 
NMDA-induced calcium influx. Furukawa and Mattson (24) 
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used whole-cell perforated patch-clamp recording of 
cultured hippocampal neurons to show that treatment 
with TNF-alpha caused an increase in calcium current by 
approximately 30%. Beattie et al. (25) showed that glial 
interaction of TNF-alpha causes an increase in surface 
expression of neuronal AMPA receptors responsible for 
an increase of synaptic efficacy. The newly expressed 
AMPA receptors were shown to have lower stoichiomet-
ric amounts of GluR2, making the receptors permeable to 
calcium ions. More recently, TNF-alpha was considered 
to regulate neuronal homeostasis. In fact, TNF-alpha 
increases excitatory pathway by stoichiometric modifica-
tion of synaptic AMPA receptor even as it causes GABAA
receptor endocytosis (26).

Effect of IL-1beta and TNF-alpha in mediating 
AMPA-induced excitotoxicity has been demonstrated in 
an organotypic hippocampal slice culture (27). Either 
potentiation of excitotoxicity or neuroprotection was 
observed, depending on the concentration of the cyto-
kines and the timing of exposure. Preincubation with 
low concentrations of IL-1beta (1 ng/mL) followed by 
coexposure with AMPA enhanced the effect of AMPA, 
whereas a higher concentration (10 ng/mL) afforded neu-
roprotection. Although IL-1beta per se did not produce 
these effects, the effects caused by IL-1beta in combina-
tion with AMPA could be blocked by IL-1beta antago-
nism. By using TNF-alpha receptor knockout mice, it was 
shown that the potentiation of AMPA-induced toxicity by 
TNF-alpha involves TNF receptor-1, whereas the neuro-
protective effect is mediated by TNF receptor-2.

Effects on the GABAergic System. In an in vitro study, 
IL-1beta produced a decrease in synaptic inhibition by 
about 30% in CA3 pyramidal cells and dentate granule 
cells (28). Such an effect was confirmed by Wang et al 
in a subsequent study (29). Such diminution of GABA-
mediated currents by TNF-alpha may be explained by its 
enhancement of GABA receptor endocytosis (25, 26).

Inflammation, Neuronal Injury, 
and Epileptogenesis

The reciprocal relationship between seizures and inflam-
mation was alluded to earlier. Although inflammation 
may exacerbate seizure activity and possibly excitotoxic-
ity, it can also be induced by many experimental seizure 
models. A question of considerable translational impor-
tance is whether the inflammatory process set in motion 
by an initial bout of SE (or other epileptogenic insults, 
such as traumatic brain injury) contributes to the pro-
cess of epileptogenesis. If this question can be answered 
affirmatively, novel targets for antiepileptogenic therapy 
may be identified.

Experimentally induced seizures in rodents trigger a 
prominent inflammatory response in brain areas recruited 

in the onset and propagation of epileptic activity involv-
ing microglia, astrocytes, and, in some instances, neu-
rons (1). Seizures induced either chemically (systemic and 
focal kainate injection, lithium-pilocarpine) or electri-
cally increase cytokines in rodent brain. Proinflammatory 
cytokines are induced in brain also by audiogenic and 
kindled seizures (30, 31) and remain up-regulated in the 
brain for several days. In the lithium-pilocarpine model, 
the expression of IL-1beta, NF-kappaB, and COX-2 
started by 12 hours postinjection, persisted for 24 hours 
(SE period), and returned to basal levels by 3 and 6 days 
(during the latent period) (32). The regional distribution 
of the inflammatory markers occurred mainly in struc-
tures prone to develop neuronal damage. The authors 
suggested that seizure-related IL-1beta, NF-kappaB, and 
COX-2 expression may contribute to the pathophysiol-
ogy of epilepsy by inducing neuronal death and astrocytic 
activation (32). Neuronal COX-2 gene induction has been 
proposed as a key signaling event during epileptogenesis 
in the kindling model (33).

The effect of cytokines in modulating glutamatergic 
excitotoxicity via NMDA (23) and AMPA (27) mecha-
nisms has been alluded to earlier. Work in the author’s 
laboratory has shown that an inflammatory stimulus by 
systemic LPS preceding SE induced by lithium-pilocarpine 
resulted in enhancement of neuronal injury without being 
accompanied by an elevation in temperature or prolonga-
tion of the status (34). We have also found an increase 
in the incidence of spontaneous recurrent seizures in rat 
pups that received LPS prior to lithium-pilocarpine SE 
and have also observed that administration of LPS accel-
erated kindling acquisition and intensified kindled sei-
zures in a rapid kindling protocol (unpublished results). 
On the other hand, Sayyah et al have reported that both 
LPS (35) and IL-1beta (36) displayed anticonvulsant 
and antiepileptogenic properties when administered 
intracerebroventricularly (ICV). The same authors have 
also documented the ability of systemically administered 
LPS to enhance seizure susceptibility (6). Thus, with the 
exception of those studies that involved ICV administra-
tion of provocateurs, the likelihood is that inflammatory 
response contributes to epileptogenesis, and interventions 
that antagonize different aspects of downstream signaling 
(COX-2, NOS) tend to be antiepileptogenic.

The role of inflammation as a causative factor in 
human epileptogenesis is beginning to be explored. An 
association of prolonged febrile convulsions and temporal 
lobe epilepsy with hippocampal sclerosis with a polymor-
phism in the promoter of IL-1beta gene (IL-1beta-511T) 
was first reported from a study in Japan by Kanemoto 
and colleagues (37). Such an association could not be 
confirmed in populations of European ancestry (38–40). 
However, an important difference accounting for the 
discrepancy could be the difference in the prevalence of 
prolonged febrile convulsions in these populations (41). 
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CLINICAL PRACTICE

Anti-Inflammatory Therapies in 
Clinical Epilepsy

The treatment of epilepsy with immunomodulatory 
agents has mainly involved ACTH, glucocorticoids, and 
IVIG. Use of IVIG has all but replaced plasmapheresis. 
Indeed, this approach has generally been resorted to for 
syndromes that are known to respond poorly to anti-
epileptic drugs (AEDs), such as infantile spasms or epi-
lepsy with electrical SE during slow-wave sleep (ESES), 
or in individuals with any type of seizure syndrome that 
has failed to respond adequately to AEDs. Klein and 
Livingston first reported the use of ACTH in children 
with intractable seizures (42). The pharmacology of all 
these agents (ACTH, glucocorticoids, and IVIG) is so 
complex and diverse that we cannot be certain that the 
basis of their efficacy is their immunomodulatory ability. 
In fact, the response of Rasmussen encephalitis to immu-
nomodulatory approaches has been less than satisfactory 
and enduring, even though a strong role for inflammation 
is suspected in this syndrome. We shall present a brief 
summary of our present state of knowledge regarding the 
use of immunotherapy in specific epilepsy syndromes. If 
there is a “bottom line” conclusion, it will be stated early 
in the discussion so that the reader has the option not 
to traverse a confusing, contradictory, and occasionally 
contentious body of literature to arrive at that conclusion. 
Where possible, we shall bring to the reader’s attention 
potential mechanisms of action that may or may not rely 
on immune mechanisms.

Infantile Spasms

The strongest tradition to date for the use of immuno-
modulatory therapy exists for the use of ACTH in this 
catastrophic epilepsy syndrome of infancy. Even here, the 
strongest statement made by an august group of clinicians 
who adopted the methods of evidence-based medicine to 
evaluate the clinical literature was that ACTH is prob-
ably effective for the short-term treatment (italics ours) of 
infantile spasms, but there is insufficient evidence to rec-
ommend the optimal dosage and duration of treatment. 
There is insufficient evidence to determine whether oral 
corticosteroids are effective (43). The conclusions reflect 
the difficulty in undertaking the study of a relatively rare 
and age-specific, but not etiology-specific, disorder of 
considerable variability in the premorbid state.

Previous studies have attempted to clarify whether 
ACTH treatment is superior to treatment with cortico-
steroids, whether a higher dose of ACTH (150 IU/m2) is 
superior to a lower dose (40 IU/m2), and whether an opti-
mal duration of therapy can be determined. The practice 
parameters from the American Academy of Neurology 
(AAN) and the Child Neurology Society do not endorse 

corticosteroids as effective, based on the weight of avail-
able evidence. It should be stressed that lack of evidence 
in support of steroids is not proof of lack of efficacy. 
However, it may be suggestive of a mode of action for 
ACTH that is not entirely dependent on its ability to 
induce steroidogenesis. Many of the available studies are 
covered in some detail in Chapter 16 and need not be 
duplicated under this heading.

How does ACTH mitigate infantile spasms? The 
mechanism(s) remain(s) elusive. A major hypothesis 
has centered around the ability of ACTH to reduce the 
endogenous synthesis of corticotropin-releasing hor-
mone, which, when injected, produces severe seizures 
in immature rats (44, 45). This theory does account for 
the time course of action of ACTH and for the all-or-none 
response to treatment, and it is also supported by the 
findings of reduced ACTH and cortisol levels in the spinal 
fluids of patients with infantile spasms (46, 47). Could 
ACTH be functioning, at least in part, by its effect on 
melanocortin receptors, independent of steroid release? 
There are peptides that are ACTH fragments and can 
function as agonists at those receptors without mediat-
ing steroidogenesis, but no clinical trials with such com-
pounds have been undertaken yet.

Another attractive idea proposes that ACTH stimu-
lates the synthesis of deoxycorticosterone, which is biocon-
verted to the tetrahydroxy derivative, a potent agonist at 
the GABAA receptor site (48, 49). This theory is consistent 
with the known ameliorative action of infantile spasms by 
vigabatrin and supports the present interest in ganaxalone, 
a neurosteroid derivative that is a highly selective agonist 
for the delta subunit containing GABAA receptors, which 
are extrasynaptic and mediate tonic inhibition.

None of the previously discussed mechanisms 
exclude the possibility that the administration of ACTH 
mitigates infantile spasms by modifying a wide range of 
cytokines (immunomodulation), which in turn may also 
influence brain excitability by interactions with glutama-
tergic and GABAergic mechanisms as described earlier. 
Thus, both aspects related to immune function and other 
aspects of the pharmacology of ACTH (and steroids) may 
be important in why this approach to the treatment of 
infantile spasms has endured.

Scattered reports describe the use of IVIG in the 
treatment of infantile spasms, but the data do not per-
mit conclusions in support of this treatment modal-
ity (50, 51). One study reported benefit from a single 
treatment with IVIG in children with refractory juvenile 
spasms (52). The practice parameters from the AAN and 
the Child Neurology Society did not recognize IVIG as a 
valid therapy for infantile spasms.

Lennox-Gastaut Syndrome

The reports describing the use of ACTH (53) and IVIG 
(51) in the treatment of Lennox-Gastaut syndrome (LGS) 
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are extremely limited. It is likely that most specialists will 
consider using the ketogenic diet or vagus nerve stimula-
tion in medically refractory patients with LGS. One report 
described a favorable response in 7 of 10 patients treated 
with prednisone (54). It is not clear that the benefit was 
lasting. The use of corticosteroids in managing medi-
cally intractable LGS was likely more common before the 
availability of new-generation AEDs with demonstrated 
benefit in this syndrome. Anecdotal series describing the 
use of IVIG in LGS (55, 56) have reported favorable 
effects, and the therapy is generally better tolerated than 
either ACTH or corticosteroids. More details on the treat-
ment options for LGS are available in Chapter 21.

Syndromes with Electrical SE During 
Slow-Wave Sleep: Landau-Kleffner Syndrome, 

Tassinari Syndrome of Continuous Spike 
Waves During Slow-Wave Sleep

A spectrum of clinical disorders have been associated with 
the electoencephalogram (EEG) signature of electrical SE 
during slow-wave sleep (ESES): the clinical syndromes 
include the distinctive Landau-Kleffner syndrome (LKS) and 
the syndrome of continuous spike waves during slow-wave 
sleep (CSWS) (57, 58), the latter sometimes also referred to 
as the Tassinari syndrome (59). LKS exhibits many clinical 
features that are typically associated with idiopathic epilepsy 
syndromes, whereas CSWS generally presents in a manner 
that suggests a symptomatic epilepsy syndrome (60). These 
syndromes are covered in detail in Chapter 24.

Clinical practice tends to approach the pharmaco-
logic aspects of management of these syndromes in a 
more or less similar fashion, concentrating on the EEG 
trait of ESES. In the published literature, the immuno-
logic approach seems to work better in LKS (60). The 
treatment of LKS with corticosteroids in high doses for 
a protracted period was advocated by Marescaux and 
colleagues (61). Sinclair and Snyder (62) reported a favor-
able outcome in 9 of 10 patients with LKS who were 
treated with prednisone, which compares favorably to 
the surgical approach of multiple subpial transections 
(63, 64). Such a robust response has never been achieved 
in CSWS. One study (65) reported two patients whose 
language functions recovered rapidly with the initiation 
of intravenous corticosteroid therapy, followed by con-
version to oral therapy. It is uncertain whether intrave-
nous therapy adds much benefit to the more common 
oral treatment (61, 62, 66).

Successful therapy of LKS with IVIG (67–69) was 
reported in isolated cases. In a subsequent review, Mikati, 
one of the authors who had reported two of the three 
published cases (67, 69), stated that only 2 of 11 patients 
with LKS had responded adequately to treatment with 
IVIG (70).

There is no literature to substantiate the specific 
use of ACTH, corticosteroids, or IVIG in ESES that 

presents as CSWS. The initial report by De Negri and 
colleagues (71) advocating nightly diazepam treatment 
has been adopted by many clinicians, and abstracts have 
been published in support of this approach. There has 
not been a peer-reviewed publication yet that describes 
this therapy and its outcome in a manner that moves it 
toward wider acceptance.

Rasmussen Encephalitis

Rasmussen syndrome probably represents the best exam-
ple of an epilepsy syndrome with a major component 
of the histopathology of resected tissue representing an 
inflammatory encephalopathy. The report suggesting a 
role for auto antibodies to the GluR3 subunit of the gluta-
mate receptor (72) initially resulted in much anticipation 
for the development of successful immunomodulating 
therapy. This initial enthusiasm has diminished consid-
erably since then, with lack of consistent identification 
of such antibodies in many patients (73) and the less 
than gratifying sustained clinical response to steroids, 
plasmapheresis, or IVIG (74). Surgery remains the most 
effective treatment (see also Chapter 27).

CONCLUSIONS

There is a lack of convergence between our scientific 
advances thus far in linking inflammatory processes with 
epilepsy and our ability to translate those findings to clini-
cal practice. There is a paucity of scientific evidence to 
support the development of sound clinical guidelines for 
implementing immunomodulatory therapy, whereas the 
toxicities associated with extended treatment with ACTH 
or corticosteroids are considerable. Although IVIG is gen-
erally better tolerated, there is insufficient evidence to sup-
port its logical placement in a therapeutic algorithm for 
any epilepsy syndrome. Where the weight of evidence in 
support of efficacy for a treatment is somewhat stronger 
(e.g., ACTH in infantile spasms), it is still not clear whether 
it is the immunomodulating effect that is critical or some 
other aspect of the pharmacology of the treatment that is 
responsible for the observed benefits. In most cases, we do 
not know the status of markers of inflammation before 
and after therapy. It is still not entirely clear which mark-
ers of inflammation are especially relevant to our pursuit 
of ameliorating epilepsy by immunomodulation. Indeed, 
this is also true to a large extent in terms of our ability to 
explain what aspect of the effect of a particular AED on a 
neurotransmitter system or a channel is responsible for its 
efficacy in a particular epilepsy syndrome. Ultimately, clini-
cal decisions are based on the empiric findings of efficacy 
and the demonstration of safety (or acceptable risk that is 
not out of proportion to the benefit). That is the equation 
that has relegated immune therapy as a late option in most 
epilepsy syndromes.
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What may the future hold? Future research should 
be directed toward identifying inflammation-related 
biomarkers that correlate with the epileptic process in 
humans. In animal models, some immunomodulatory 
drugs tantalize us with the holy grail of antiepilepto-
genic therapy (75). In clinical practice, many of these 

agents (cyclosporine, tacrolimus) are associated with the 
potential for encephalopathy, seizures, or both, as well 
as other risks to the patient in terms of infection and 
organ toxicity. Improvement in the toxicity profile of this 
class of agents can do much to stimulate well-designed 
clinical trials.
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Antiepileptic Drugs in 
Development

n the last decade and a half, nine 
antiepileptic drugs (AEDs) have 
been approved for use, more than 
doubling the available agents for 

patients with epilepsy (1). There is no doubt that this has 
enhanced the options for physicians as they attempt to 
optimize therapy. New drugs tend to be safer, better toler-
ated, broader in spectrum, and less likely to cause drug-
drug interactions than older drugs. Yet, in many people’s 
estimation, the number of children with uncontrolled sei-
zures has not changed. Clearly, there is still a need for 
newer and better drugs. Fortunately, the pipeline of drugs 
in development is rich in new compounds. These com-
pounds have come from many sources. One source that 
has been providing new compounds throughout the his-
tory of antiepileptic drug development is the discovery 
of analogs of existing compounds (2). Examples include 
brivaracetam and seletracetam (analogs of levetiracetam), 
eslicarbazepine acetate (an analog of oxcarbazepine), as 
well as several analogs of valproic acid (VPA). Some com-
pounds have been discovered through focus on novel 
mechanisms. An example is talampanel, the first antiepi-
leptic drug that works through alpha-amino-5-methyl-3-
hydroxy-4-isoxazolepropionic acid (AMPA) antagonism. 
Other compounds are found through high-throughput 
screening programs. For these drugs, the mechanism of 
action may be less clear. This chapter briefly describes the 
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AEDs currently in development, including information 
about mechanism of action, if known, as well as early 
trial data and pharmacokinetics.

BRIVARACETAM

Chemistry, Animal Pharmacology, 
and Mechanism of Action

Brivaracetam, ((2S)-2-[(4R)-2-oxo-4-propylpyrrolidinyl] 
butanamide), is a pyrrolidone derivative in the same class 
as levetiracetam (LEV) and piracetam (3). Brivaracetam 
has a higher affinity (pKi 	 7.1) than LEV (pKi 	 6.1) 
for the synaptic vesicle protein 2A (SV2A). SV2A is a 
membrane glycoprotein found in synaptic and endocrine 
vesicles. The cellular physiology that leads to subsequent 
anticonvulsant effect is under active investigation (4). In 
addition to binding SV2A, the drug has been shown to 
inhibit voltage-dependent sodium currents (5).

Presuming that the SV2A binding site is important 
for antiepileptic efficacy, brivaracetam should be more 
potent than LEV in suppressing seizures. Indeed, sev-
eral animal models seem to confirm this. Brivaracetam is 
more potent in the corneal-kindled mouse model (reduced 
afterdischarge and seizure severity after suprathreshold 
stimulation compared to LEV), in the audiogenic seizure 
model, and also in a rat model that is thought to mimic 

I
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absence seizures in humans: Genetic Absence Epilepsy 
Rats of Strasbourg (GAERS) (6, 7). In this model, almost 
complete suppression of spike wave discharges is seen at 
high doses. Unlike LEV, there is some effect in the maxi-
mal electroshock (MES) model. Like LEV, brivaracetam 
potently suppresses the development of kindling. Animal 
data also indicate that the drug should be well tolerated. 
Although effective doses in seizure models were in the 
range of 1.2–2.4 mg/kg when the drug was administered 
intraperitoneally, doses of as much as 212 mg/kg have 
been administered safely. The drug is also active in animal 
models of neuropathic pain and essential tremor (3).

Biotransformation, Pharmacokinetics, 
and Interactions in Humans

Brivarecetam is well tolerated in humans in Phase I. Doses 
ranging from 10 to 600 mg demonstrate linear pharmaco-
kinetics. The volume of distribution is close to that of body 
water. Plasma protein binding is low, and the half-life is 
approximately 8–10 hours. The extent of absorption is not 
affected by a high-fat meal, but the rate of absorption is 
slowed. The drug is extensively metabolized in the liver via 
hydrolysis and hydroxylation—the latter via cytochrome 
P450 (CYP) isoenzymes 2C8, 3A4, and 2C19—and the 
metabolites are predominantly cleared renally.

 In vitro, brivaracetam inhibits epoxide hydrolase 
and CYP 2C19 and is also a weak inducer of CYP3A4. 
Drug-drug interactions studies were performed at rela-
tively high doses of brivaracetam. When administered 
to patients on steady doses of carbamazepine (CBZ), the 
CBZ-epoxide levels increased in a dose-dependent fashion, 
whereas the CBZ levels were slightly reduced. In healthy 
male volunteers, the interaction between phenytoin and 
brivaracetam resulted in a slightly lower phenytoin serum 
concentration. In addition, serum concentration of bri-
varacetam was reduced slightly in the presence of CBZ. 
When tested with concomitant oral contraceptive use, 
there was a moderate reduction of estrogen and progestin 
components, but no change in the suppression of ovula-
tion. In hepatically impaired patients, the half-life of the 
drug is prolonged. Renally impaired and elderly subjects 
do not need dose adjustment, although one metabolite 
increased in serum concentration.

Clinical Efficacy

The drug was tested in patients with a photoparoxysmal 
response. Each patient received a single dose of study 
medication. Even at the lowest administered dose of 
10 mg, there was substantial suppression of the photop-
aroxysmal response. At doses of 10–80 mg, there was 
only one nonresponder, with all other patients (3 or 4 per 
group) having partial or complete suppression of the 
photosensitive response (and the nonresponder did not 

have an adequate predose expression of photosensitivity). 
The pharmacodynamic half-life against photosensitivity 
increased with dose. At 10 mg, the first effect was seen at 
30 minutes, and the effect lasted for 30 hours, whereas 
the duration of effect was 60 hours at the highest dose 
tested (8). A Phase II multicenter, double-blind, random-
ized, placebo- controlled, dose-ranging trial is in progress 
at the time of writing, in which brivaracetam is being 
tested at doses of 150 and 50 mg/day in one study and 
5, 20, and 50 mg/day in the other, in both studies against 
placebo, as twice daily (BID) administration. The U.S. Food 
and Drug Administration (FDA) approved orphan drug 
testing status for brivaracetam for the treatment of symp-
tomatic myoclonus. The drug is also in Phase II clinical tri-
als of patients with postherpetic neuralgia. It is being tested 
at doses of 200 and 400 mg/day in BID administration.

Adverse Effects

To date, adverse events have been central nervous system 
(CNS)-related, consisting of dizziness, somnolence, and 
fatigue, and increase with escalating dose.

ESLICARBAZEPINE ACETATE

Chemistry, Animal Pharmacology, 
and Mechanism of Action

Eslicarbazepine acetate (S-(-)-10-acetoxy-10,11-dihydro-
5H-dibenzo(b,f)azepine-5-carboxamide) is structurally 
related to carbamazepine (CBZ) and oxcarbazepine 
(OXC) (2). This drug is a prodrug of S-10-monohydroxy 
derivative (S-MHD), with a “simpler” metabolism than 
CBZ and OXC. The first studies in humans were in 2000, 
with the first Phase II studies in 2002. Phase III is under-
way. Eslicarbazepine acetate shares the dibenzazepine 
nucleus with OXC and CBZ. It is metabolized exclusively 
via hydrolysis to S-licarbazepine, with minor traces of the 
R enantiomer. It is therefore not subject to autoinduction. 
It is active in MES and amygdala kindling, equipotent to 
CBZ, and more potent than OXC. Like CBZ, it acts as 
stabilizer of the inactive conformation of voltage-gated 
sodium channels through interaction with site 2 of the 
channel. The result is preferential impairment of rapidly 
firing neurons (9–11).

Biotransformation, Pharmacokinetics, 
and Interactions in Humans

In humans, the drug is rapidly converted to the active 
metabolite eslicarbazepine. To a much lesser extent, it 
is also converted to its R enantiomer as well as OXC. 
Plasma levels of the parent compound are typically 
undetectable. Time to maximum concentration (Tmax) is 
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2–3 hours after dosing. Terminal half-life is 9–17 hours. 
Steady state is reached in 4–5 days, longer than expected 
from the half-life because of the biotransformation. The 
PK is not affected by age, gender, or food. Protein bind-
ing is low. In-vitro studies showed no inhibitory effect 
on cytochrome P450, but there was mild induction of 
UGT1A1, which may indicate a potential for interaction 
with the oral contraceptive pill. Studies suggest that there 
is no clinically significant interaction with warfarin and 
digoxin (12–14).

Clinical Efficacy

To date, 1,200 subjects or patients have been exposed to 
the drug. A Phase II add-on study in adults and another in 
children have been completed. In the adult studies, doses 
from 400 to 1,200 mg were given in once-daily (QD) 
and BID regimens. Of note, patients on CBZ and OXC 
were not excluded from the trial. Side effects included 
headache, somnolence, dizziness, and perioral paresthe-
sia. A double-blind study was performed in 143 patients 
with more than four seizures per month, with doses up 
to 1,200 mg BID or QD. Significant seizure reduction 
was demonstrated. There was a low discontinuation rate 
because of adverse events (15). Three Phase III studies are 
comparing 400, 800, and 1,200 mg QD. A Phase II study 
for acute mania and recurrence prevention in bipolar 
disorder is also underway. 

Clinical Use and Laboratory Monitoring

Important for children, an oral suspension (50mg/ml) 
has been developed that is bioequivalent to the 200- and 
800-mg tablets.

FLUOROFELBAMATE

Chemistry, Animal Pharmacology, 
and Mechanism of Action

Fluorofelbamate (2-phenyl-2-fluoro-1,3 propanediol 
dicarbamate) is a felbamate analog that was designed to 
avoid the toxicities of its parent compound (7). Fluorine is 
substituted for hydrogen in the 2-position of the propane-
diol moiety of felbamate in an attempt to block produc-
tion of at least one toxic metabolite, atropaldehyde. Some 
preclinical data suggest that this was successful.

This drug has a broad spectrum of activity against 
all models of electrically induced seizures and has activ-
ity against picrotoxin-induced seizures in mice and 
sound-induced seizures in the audiogenic seizure–prone 
Frings mouse. The ED50 is between 1 and 8 times that 
of felbamate in the various models. In a sustained status 
epilepticus animal model, it was effective even at a late 

stage that is usually refractory to anticonvulsants (16). 
In animals, weight loss was seen, similar to that seen 
with felbamate.

There is some evidence in cell culture, slice model, 
and hypoxic rat pups that this drug has some neuropro-
tective capacity (17).

The mechanism of action is unknown but may be 
due to interactions at the glutamate receptor sites or 
sodium channels. Both of these hypotheses are supported 
by electrophysiogical data.

Biotransformation, Pharmacokinetics, 
and Interactions in Humans

A Phase I study has been performed in 54 patients. The 
drug was well tolerated, and the exposure was dose-
proportional. Tmax was 1 hour, and elimination half-life 
(T1/2) was 17 hours. Kinetics were linear.

GANAXALONE

Chemistry, Animal Pharmacology, 
and Mechanism of Action

Ganaxalone (3alpha-hydroxy-3beta-methyl-5alpha-
pregnan-20-one) is a synthetic analogue of allopreg-
nanolone, a metabolite of progesterone that has no pro-
gesterone activity. It is an allosteric modulator of the 
GABAA receptor complex (18). The exact binding site 
is unknown, but binding to the benzodiazepine site has 
been ruled out. It has activity in both the 6-Hz and pen-
tylenetetrazol (PTZ) models (19, 20).

Biotransformation, Pharmacokinetics, 
and Interactions in Humans

Metabolism is via CYP 3A4. Drug interactions have not 
been seen, but specific interaction studies have not been 
performed. There are no major metabolites. There is no 
evidence of induction in human trials, and the half-life is 
10–20 hours. BID dosing is expected (21).

Clinical Efficacy

There have been 14 Phase I studies in 210 healthy vol-
unteers. However, after these studies were completed, 
there was a change in formulation. Bioavailability 
with the initial formulation was low, with a significant 
food effect. There have been 500 patients (79 children) 
exposed in 11 Phase II studies, including exposures for 
as long as 4 years. In a 3-month pediatric refractory 
seizure add-on study, 20 subjects aged 6 months to 
7 years were titrated up to 12 mg/kg. Sixteen patients 
completed the study; 25% showed a � 50% reduction 
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in seizures, and one patient was seizure free. An addi-
tional 25% showed a 25–50% reduction (22). Two 
other open-label pediatric studies were conducted in 
60 patients aged 2–13 years, with about half having a 
history of infantile spasms. The most common back-
ground drugs were valproic acid, CBZ, and clonaz-
epam. A 50% seizure reduction was seen in one-third of 
the patients; 17 patients were on the drug for more than 
1 year, and the most common adverse events were som-
nolence and agitation. Eight subjects reported increased 
seizure frequency. One subject had agitation, hostility, 
and hallucinations. A presurgical trial in adults was 
performed. There were 24 patients on ganaxalone vs. 
28 on placebo. Outcome was completion of the trial 
without meeting exit criteria. Although there was a 
trend in favor of ganaxalone, this did not reach statis-
tical significance. One patient discontinued because of 
agitation (23). Additional studies in infantile spasms 
and adult partial seizures are planned.

ISOVALERAMIDE

Chemistry, Animal Pharmacology, 
and Mechanism of Action

Isovaleramide (3-methylbutanamide) is a branched-chain 
aliphatic amide that is structurally similar to valproic 
acid. This is one of a series of valproate-like compounds 
that has the potential to be broad spectrum but may 
avoid some of the issues related to valproate adminis-
tration, including weight gain, hepatic toxicity, difficult 
pharmacokinetics, and teratogenicity. As with valproic 
acid, the mechanism of action is unknown. Studies of 
neurotransmitter binding and uptake have been negative, 
so a direct receptor-mediated effect is unlikely.

It is effective in oral doses in multiple mod-
els, including MES, PTZ in rodents, bicuculline- and 
picrotoxin-induced seizures in mice, generalized seizure 
in corneal-kindled rats, seizure score and afterdischarge 
duration in amygdala-kindled rats, spontaneous EEG 
spike wave of absence seizures in rats, and sound-induced 
audiogenic seizures in Frings mice. It also delays kindling 
in amygdala-kindled rats. Bialer et al. characterize the 
spectrum of anticonvulsant activity as comparable to that 
of valproic acid. There was also activity in models of 
spasticity, pain, and anxiety.

Adverse effects seen in animal species at high doses 
include transient ataxia and hypoactivity. Doses that 
caused these effects were significantly higher than that 
expected to be used in humans. Notably, reproductive 
toxicity was lower for isovaleramide than for valproic 
acid. In addition, unlike valproic acid, isovaleramide did 
not inhibit mitochondrial beta-oxidation and respiration 
at concentrations up to 1mM (2, 7).

Biotransformation, Pharmacokinetics, 
and Interactions in Humans

In Phase I studies the bioavailability of single doses 
ranging from 100–1,600 mg was almost 100%. The 
half-life of the drug is about 30 minutes �2.4 hours, 
with a Tmax of 40 minutes, but sustained-release formu-
lations are possible. There is no protein binding. Only 
2–4% of the drug was excreted unchanged in the urine 
at 24 hours, so, as with valproic acid, hepatic metabo-
lism predominates. In marked contrast to valproic acid, 
isovaleramide does not inhibit any of the major human 
P450 isoforms.

Clinical Efficacy

In Phase I studies there were no serious adverse events 
and no changes in any assessed clinical value. A Phase II 
trial for treatment of migraine in about 300 patients was 
completed in 2004 and showed no statistically significant 
activity, but the drug was well tolerated.

LACOSAMIDE

Chemistry, Animal Pharmacology, 
and Mechanism of Action

Lacosamide (formerly harkoseride, 2-acetamido-N-
benzyl-3-methoxypropionamide) is a trifunctional 
amino acid derivative that has activity in epilepsy, neu-
ropathic pain, and stroke. It shows affinity for the glycine 
strychnine-insensitive receptor site of the NMDA receptor 
complex, but this is not yet confirmed as the molecular 
anticonvulsant site of action (4, 24).

This drug is active in the MES model, the 6-Hz 
refractory seizure model, hippocampal kindling, sound-
induced seizures in Frings mice, and self-sustaining status 
epilepticus. Developmental toxicity occurred in rats only 
at a maternally toxic dose. No teratogenicity or adverse 
effects on male or female reproductive function was iden-
tified preclinically (7).

Biotransformation, Pharmacokinetics, 
and Interactions in Humans

Absorption is rapid and complete and occurs in the gas-
trointestinal tract. Bioavailability is good and similar in 
the fed and fasted states. 30–40% of the drug is excreted 
unchanged by the kidneys, 30% is excreted as an inactive 
metabolite, and less than 0.5% is recovered in the feces. 
Peak concentrations are attained at about 1–5 hours after 
an oral dose. Lacosamide is protein bound by less than 
15%, and the half-life is approximately 13 hours. The 
drug is being developed as an intravenous formulation 
as well. When an infusion is administered over a 1-hour 
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period, the kinetics are similar to oral dosing. Formal 
interaction studies performed in volunteers have shown 
no drug-drug interactions in either direction with CBZ, 
valproic acid, levonorgestrel, or ethinylestradiol (7).

Clinical Efficacy

Three Phase II trials have been completed in epilepsy. Effi-
cacy against partial seizures was demonstrated at doses 
between 100 and 600 mg/day divided BID (25). Several 
studies have also been carried out for painful diabetic 
neuropathy and showed significant reduction in pain 
scores at 400 and 600 mg/day, compared to placebo.

Adverse Effects

The most common adverse effects from the trials were 
seen with increasing frequency at higher doses and led to 
a moderate dropout incidence at the 600-mg dose. These 
included dizziness, somnolence, diplopia, fatigue, and 
headache. The intravenous formulation caused paresthe-
sias as well as the symptoms listed for the oral dosing.

Clinical Use and Laboratory Monitoring

As previously noted, the drug is being developed in an 
intravenous formulation as well as an oral formulation. 
This adds potential for treatment of patients who cannot 
take medication orally.

RETIGABINE

Chemistry, Animal Pharmacology, 
and Mechanism of Action

Retigabine, N-[2-amino-4-(4-fluorobenzylamino)-
phenyl]carbamic acid ethyl ester, is a structurally novel 
anticonvulsant related to flupirtine (an analgesic and 
antispastic drug available only in Europe). Although it 
was discovered by screening in animal models of acute 
seizures, it was subsequently discovered to have a unique 
mechanism of action, which has galvanized interest in 
the compound. It has activity at the KCNQ2/3 and 
KCNQ3/5 potassium channels and is thought to stabilize 
hyperexcitable cells by altering steady-state activation of 
the M-current (26). In addition, it has an ancillary mecha-
nism, potentiating GABA-evoked currents, which may 
not be relevant in human doses (27, 28). The mechanism 
may be of particular interest to pediatric neurologists, 
given the recent discovery that benign familial neonatal 
convulsions may be associated with mutations in genes 
encoding these channels.

Retigabine is effective in all three classes of mod-
els: electrical induction, chemical induction, and genetic 

epilepsy. It is also effective against kindling. It is most effec-
tive in the amygdala-kindling model in rats (29, 30).

Potentially this drug also has neuroprotective effect, 
as it produces protection against electroshock amnesia 
and learning in a cerebral ischemia model. It is also 
effective against neuropathic pain in two animal models 
(31, 32). In animal studies CNS side effects were seda-
tion, accompanied by hyperexcitability, and decreased 
body temperature.

Biotransformation, Pharmacokinetics, 
and Interactions in Humans

Phase I studies to assess pharmacokinetic properties indi-
cated bioavailability of 60% (not affected by food), a 
Tmax of 1.5 hours, and a half-life of 8–9 hours. Clearance 
is reduced in black subjects by about 25%. The drug has 
demonstrated linear pharmacokinetics in healthy subjects 
and patients. The drug is hepatically metabolized via N-
glucuronidation and N-acetylation, and metabolites are 
excreted in the urine. The N-acetyl metabolite is active 
and shows anticonvulsant effect in animals.

There are several potential minor drug-drug inter-
actions. Concurrent administration with phenobarbital 
caused an increase of 10% in the area under the curve 
for a single dose (33). Lamotrigine (LTG) half-life was 
slightly reduced after several days of retigabine (34). Nei-
ther of these interactions were significant enough to alter 
Phase II studies. A Phase II study of 60 patients to evalu-
ate drug interactions revealed that retigabine clearance 
was increased by 30% in the setting of coadministration 
of phenytoin or CBZ. Higher doses of retigabine would 
likely be necessary in the setting of enzyme-inducing 
medications.

Clinical Efficacy

In five Phase II studies and one Phase IIb study, 600 patients 
have been studied. In a randomized, double-blind, 
placebo-controlled, parallel group adjunctive therapy trial 
in partial epilepsy, doses of 600, 900, and 1,200 mg/day in 
three daily doses produced a median reduction in seizures 
of 23%, 29%, and 35% compared to 13% in the placebo 
group. The responder rate (reduction greater than 50% 
in seizures) was 23%, 32%, and 33% for these doses, 
respectively, compared to 16% for placebo. Studies have 
not been performed in syndromes other than partial, so 
spectrum of activity is not known.

Adverse Effects

CNS-related adverse effects were asthenia, dizziness, 
somnolence, tremor, speech disorder, amnesia, vertigo, 
and abnormal thinking. Dropout rate was slightly greater 
than 40% in the highest dosage group (7, 35). At the 
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time of writing of this chapter, trials in children had not 
been initiated.

Clinical Use and Laboratory Monitoring

To date there is only a single preparation, which is tablets.

RUFINAMIDE

Chemistry, Animal Pharmacology, 
and Mechanism of Action

Rufinamide, 1-[(2,6-difluorophenyl)methyl]triazole-
4-carboxamide, is a structurally novel agent for which 
the mechanism of action is unknown. Studies suggest it 
interacts with the inactivated state of the voltage-gated 
sodium channel, limiting high-frequency firing of action 
potentials in neurons (4).

It is active in models such as MES, PTZ, picrotoxin, 
and bicuculline, with an oral ED50 of 5–17 mg/kg. It is 
also effective in delaying kindling. It is not mutagenic or 
teratogenic in animal models.

Biotransformation, Pharmacokinetics, 
and Interactions in Humans

The drug has undergone extensive investigation: 1,965 
epilepsy patients have been exposed to rufinamide in clini-
cal studies. Population pharmacokinetic (PK) analysis has 
been performed on 1,072 patients. There is a moderate 
increase in exposure when the drug is administered with 
food (36). However, at steady state, food does not seem 
to influence bioavailability. Absorption is reduced slightly 
as doses increase. Intrasubject variability is low.

The bioavailability of tablets is approximately 85%, 
and Tmax is reached at 3–4 hours after ingestion. It is 
bound to plasma proteins by about 34% and has a half-
life of 6–10 hours. It is almost completely metabolized, 
and very little is excreted unchanged. The metabolism is 
via hydrolysis via a non-P450-mediated interaction. The 
breakdown products are nonactive and mostly excreted 
in the urine. Children and elderly patients do not have 
different pharmacokinetic parameters. Renal function has 
no impact on clearance.

There is no autoinduction. In population PK analy-
sis, valproic acid decreased apparent oral clearance of 
rufinamide by 22%, possibly by a greater percentage in 
children. Any combination of phenytoin, phenobarbital, 
and primidone increased clearance of rufinamide by 25%, 
again possibly more so in children. Rufinamide can cause 
the clearance of phenytoin to decrease slightly, but this 
may be significant only at higher starting serum con-
centrations of phenytoin. Rufinamide is a slight inducer 
of CYP 3A4, leading to slightly increased clearance of 
ethinyl estradiol and norethindrone.

Clinical Efficacy

There have been two Phase II trials in refractory partial epi-
lepsy. Both were in adults, but patients above age 15 years 
in one trial and 16 in the other were included. In one study, 
3,200 mg/day led to a median reduction of 20.4% in sei-
zures vs. a median increase of 1.6% for placebo. The dose 
ranges in these studies was 400–3,200 mg/day (37, 38). A 
study in refractory primary generalized tonic-clonic con-
vulsions did not show a difference from placebo.

Rufinamide was shown to have clinical benefit in 
the treatment of seizures associated with the Lennox-
Gastaut syndrome in a randomized, double-blind, placebo-
controlled trial that enrolled 139 patients aged 4–30 years, 
who were taking up to three background AEDs. A dose of 
45 mg/kg/day was used. Inclusion criteria included presence 
of drop attacks (tonic or atonic) , more than 90 seizures per 
month, and an EEG demonstrating slow spike-wave activ-
ity. Reduction from baseline monthly tonic-atonic seizure 
frequency was 42.5% in the rufinamide groupcompared to 
1.4% increase in the placebo group (P � 0.0001). There was 
a dropout rate of 14% in the rufinamide-treated patients vs. 
8% for placebo, with the most common treatment-related 
adverse events leading to discontinuation being vomiting, 
somnolence, and rash (39). There did not appear to be an 
impact of rufinamide on weight.

Adverse Effects

In trials, headache, dizziness, fatigue, somnolence, and 
nausea were the most common side effects. In the Lennox-
Gastaut patients, rash was a rare side effect.

Clinical Use and Laboratory Monitoring

There is a liquid formulation as well as a tablet formula-
tion of the drug.

At the time of writing of this chapter, Eisai had 
received an “approvable” letter from the FDA both for 
adjunctive treatment of partial-onset seizures with and 
without secondary generalization in adults and adoles-
cents aged 12 years and older and for adjunctive treatment 
of seizures associated with Lennox-Gastaut syndrome in 
children aged 4 years and older and in adults.

RWJ-333369 (CARISBAMATE)

Chemistry, Animal Pharmacology, 
and Mechanism of Action

Carisbamate, or RWJ 333369, is a carbamate with the 
chemical formula (S)-2-O-carbamoyl-1-o-chlorophenyl-
ethanol. The drug is highly potent in MES and various 
chemical models, including bicuculline and PTZ, and is 
active in genetic epilepsy models (4, 40).
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Biotransformation, Pharmacokinetics, 
and Interactions in Humans

Phase I explored doses from 200 to 1,500 mg/day. Phar-
macokinetics are linear with a 12-hour half-life. There is 
a mild food effect. After food, Cmax was reduced by about 
11%. The drug is metabolized by a non-CYP-dependent 
route (UGT). There are virtually no circulating metabo-
lites. CBZ induces the compound by about 40%, but 
carisbamate does not impact CBZ. There is an increase 
of 20% in LTG and VPA metabolism, but neither of these 
impacts the metabolism of carisbamate.

Clinical Efficacy

A Phase II add-on study in refractory patients is complete, 
at doses up to 1,600 mg/day: 537 subjects were random-
ized; up to three background AEDs were permitted. This 
study showed a statistically significant reduction in seizures. 
Dropout rate from adverse events was dose dependent 
and up to 20% at the highest dose. The most common 
adverse events were primarily CNS related events, includ-
ing dizziness, somnolence, nausea, vertigo, and diplopia. 
Headache increased at the highest dose only.

SELETRACETAM

Chemistry, Animal Pharmacology, 
and Mechanism of Action

Seletracetam is one of two SV2A ligands currently in 
development at the pharmaceutical firm UCB. Seletrace-
tam has a 10-fold higher affinity to the SV2A binding site 
than LEV and a 50-fold greater potency in inhibiting high-
voltage-activated calcium channels (6, 41). There is minor 
inhibition of the plateau phase of NMDA currents (42). 
Indirect suppression of glycine inhibition is also seen and 
is significantly greater than that observed with LEV. Sele-
tracetam has no effect on sodium channels (43).

Seletracetam is more potent than LEV in corneal-
kindling, hippocampal-kindling, and audiogenic seizures. 
There is no effect in the acute screening tests, MES and 
PTZ. There is also efficacy in the GAERS model at rel-
evant human concentrations. Interestingly, the protective 
index is substantially higher than that seen for LEV, using 
the corneal-kindling and the GAERS model (44).

Biotransformation, Pharmacokinetics, 
and Interactions in Humans

The pharmacokinetic parameters are favorable, and like 
those of LEV, they are linear and dose-proportional. Absorp-
tion is rapid and nearly complete, and there is a slight 
decrease in rate but not extent of absorption with food. The 
volume of distribution is close to that of body water.

Seletracetam undergoes hydrolysis and is eliminated 
in the urine, 60% as metabolite and 40% as parent com-
pound. There is no hepatic metabolism, and drug interac-
tions are not expected. The half-life is 8 hours, and there 
is less than 10% protein binding.

In Phase I, seletracetam was well tolerated. 
Treatment-emergent adverse events were CNS related, 
not dose related. The maximum tolerated dose was not 
reached in a single, rising-dose study, so the maximum 
tolerated dose is estimated to be greater than 600 mg.

Clinical Efficacy

A Phase IIa study was done in patients with photopar-
oxysmal response. There were 4–8 patients per dosing 
group, although some were tested at two doses. Doses 
of 0.5– 20 mg were explored, and all doses produced 
some suppression. Modeling of the dose effect showed an 
increasing effect as doses increased, with a plateau effect 
reached at 10–20 mg. Subsequently. two exploratory, 
open-label, dose-exploration studies were performed. One 
study enrolled 30 patients who could be taking as many as 
three background AEDs, not including LEV. The second 
study enrolled 60 patients, all of whom were receiving 
LEV in addition to up to two additional AEDs. Doses up 
to 160 mg were tested, and assessments of efficacy, safety, 
and tolerability were made. Unfortunately, results were 
not available at the time of writing of this chapter.

In addition to the oral formulation, both intravenous 
and intramuscular dosing are currently under discussion.

STIRIPENTOL

Stiripentol, 4,4-dimethyl-1-[(3,4 methylenedioxy)phenyl]-1-
penten-3-ol, is an antiepileptic compound that has been used 
in France and Canada for more than 10 years in catastrophic 
pediatric epilepsy syndromes. Meanwhile, broader develop-
ment and availability have been hampered by the fact that 
the drug causes significant inhibition of the metabolism of 
several commonly prescribed AEDs. This has caused two 
problems. The first is potential toxicity related to elevated 
serum concentrations of the inhibited drugs. The second is 
difficulty in discriminating direct antiepileptic effects of sti-
ripentol vs. seizure reduction because drug-drug interactions 
lead to higher serum concentrations of other concomitantly 
prescribed medications. Nonetheless, several investigators 
believe that stiripentol may have an important place in man-
agement of these patients, who are very difficult to treat.

Chemistry, Animal Pharmacology, 
and Mechanism of Action

There are multiple proposed mechanisms of action for 
stiripentol (7, 45). It inhibits synaptosomal uptake of 
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GABA and glycine and inhibits GABA transaminase 
(46). It also enhances beta-hydroxybutyrate dehydroge-
nase activity. It is said to increase duration of GABAergic 
currents in a dose-related fashion, with the duration of 
channel opening increased, similar to the mechanism of 
action of barbiturates (47).

The drug is active in PTZ and MES models in mice 
and in the alumina gel Rhesus monkey (48, 49).

Biotransformation, Pharmacokinetics, 
and Interactions in Humans

The drug reaches Tmax within 2 hours. It is 99% protein 
bound and, as the dose increases in patients on other 
AEDs, the serum concentration increases in an exponen-
tial fashion (50–52).

As previously noted, development has been compli-
cated by multiple drug interactions. Stiripentol inhibits 
cytochrome P450 isoenzymes 3A4, 1A2, and 2C19. This 
results in the plasma concentrations of many concurrent 
AEDs being potentiated, but with better tolerability than 
would be expected by giving the parent compound. For 
example, CBZ is better tolerated, because the ratio of 
CBZ epoxide to CBZ is reduced in a dose-dependent fash-
ion (53–55). For clobazam, addition of stiripentol leads to 
significantly higher concentration of the metabolite nor-
clobazam, which is also better tolerated, and a lower con-
centration of hydroxyl norclobazam, a less well-tolerated 
metabolite. This is because there is more inhibition of 
2C19, which is involved in the nor-to-hydroxy reaction 
(56). Clearance of stiripentol is increased in the presence 
of enzyme-inducing medications.

Clinical Efficacy

There have been 1,000 patients treated over 11 years. 
Clinical studies were discontinued in adults but continued 
in children, and stiripentol is used currently in Canada 
and France. 

In an open-label trial of 212 children, there were 
49% responders, with long-term data up to 2.5 years. 
The better responders were those with partial epilepsy 
who were also receiving CBZ, and children with severe 
myoclonic epilepsy of infancy (SMEI) who were also 
receiving VPA and CBZ. Subsequently, a randomized, 
controlled trial was performed, but, as previously 
noted, it was difficult to separate the effect of stiripentol 
directly from the effect of potentiation of concomitant 
AEDs.

The double-blind study started with open add-on 
treatment of 67 patients with stiripentol. The respond-
ers were then randomized to withdrawal to placebo 
or continuation of stiripentol. The primary endpoint, 
the number of discontinuations, was not significantly 

different, but there was a reduction in seizure frequency. 
The CBZ dose was increased in the placebo arm in order 
to mimic the effects of stiripentol, but this was not well 
tolerated.

Another study in SMEI randomized 41 patients to 
placebo or stiripentol, in patients on valproic acid and 
clobazam. Nine patients on stiripentol became seizure 
free, vs. none of the placebo patients (57). A long-term 
study followed. The best effect was not on frequency, but 
on duration of seizures. Efficacy was best for patients 
under 2 years old. Currently, 200 patients with SMEI 
receive stiripentol as compassionate use in France. and 
the drug has been designated as an orphan drug by 
the European Agency for the Evaluation of Medicinal 
Products (EMEA). A subsequent trial is under way as a 
European Integrated project.

TALAMPANEL

Chemistry, Animal Pharmacology, 
and Mechanism of Action

Talampanel, R(-)-enantiomer of 7-acetyl-5-(4-amino-
phenyl)-8,9-dihydro-8 methyl-7H-1,3-dioxolo(4,5H)-2,
3-benzodiazepine (58), is a novel AED whose mechanism 
of action involves noncompetitive AMPA antagonism 
(59, 60). This and similar compounds, unlike other ben-
zodiazepines, are highly selective for the AMPA recep-
tor and have no activity at the GABAA receptor. There 
is also no evidence of activity at other common AED 
targets. Talampanel is effective in a broad range of ani-
mal models such as MES and PTZ and against seizures 
induced by excitatory amino acids that are agonists at the 
kainate and AMPA sites of the NMDA receptor (61). It 
also is protective against fully kindled seizures but does 
not retard the development of kindling (62). There is no 
evidence of effect in the WAG/Rij spike wave rat model. 
In animal models, the therapeutic window is small.

Biotransformation, Pharmacokinetics, 
and Interactions in Humans

After an oral dose, peak plasma concentration is achieved 
in 2.5 hours. Protein binding ranges from 67% to 88%. 
At dosages that cause the plasma concentration to exceed 
200 ng/ml, the half-life is approximately 7–8 hours. 
Elimination is by biotransformation, including acetyla-
tion (63). An N-acetyl metabolite is produced, which 
is active, and may contribute both to efficacy and side 
effects. Patients may have different genotypes in respect 
to acetylation. Those who are slow acetylators may have 
reduced clearance of talampanel; conversely, fast acetyl-
ators may need a higher dose.
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This drug may have a slight effect on metabolism of 
CBZ. Conversely, inducing medications reduce the serum 
concentration of talampanel.

Clinical Efficacy

Two clinical trials have investigated the efficacy of talam-
panel in epilepsy. The first study was a crossover design, 
which randomized 49 patients. Talampanel serum con-
centrations were very variable and depended on con-
comitant AEDs. The mean seizure reduction was 21% 
over the placebo period. CBZ levels rose slightly during 
talampanel treatment (64). The second study investigated 
doses up to 50 mg three times per day (TID), as add-on 
therapy in patients experiencing at least three seizures per 
month. Patients were stratified according to their AED 
(inducers vs. noninducers), and doses were escalated to 
either 35 mg TID or a maximum of 50 mg TID or pla-
cebo. Results are not published.

The drug was relatively well tolerated, but dizziness 
and ataxia were seen.

VALROCEMIDE

Chemistry, Animal Pharmacology, 
and Mechanism of Action

Valrocemide (valproyl glycinamide) is a VPA analog that 
combines valproic acid and glycine derivatives (65). The 
mechanism of action has not been established. The mol-
ecule was synthesized to improve brain penetration and 
eliminate the inhibition of beta-oxidative metabolism 
seen with valproic acid.

Valrocemide is effective in a wide variety of animal 
models of epilepsy, with a good protective index and 
low neurotoxicity in the rotarod test. It is effective in 
MES, PTZ, corneal kindling, and the 6-Hz model. It is 
either equipotent to or more potent than VPA in all of 
these models (59, 66–69). Studies in mice strains sus-
ceptible to VPA teratogenicity imply a lower potential 
for teratogenicity. The typical teratogenicity studies in 
rats and rabbits were also negative (2). Importantly, it is 
also effective in animal models of neuropathic pain and 

bipolar disorders. In addition, the brain:plasma ratio is 
about four times higher than that for VPA, indicating 
better penetration.

Biotransformation, Pharmacokinetics, 
and Interactions in Humans

Phase I doses of as much as 4 g were explored. It was safe 
and well tolerated. Pharmacokinetics are linear. About 
10–20% of valrocemide oral dose is excreted unchanged 
in the urine; 40% is excreted as valproyl glycine. It is 
also metabolized in small amounts to valproic acid 
(about 5%). The half-life is 7 hours. When a dose of 
3 g/day is given, VPA levels of 15 mg/L may result. Tmax
is about 1.2 hours. Metabolism appears to be induced 
by enzyme-inducing AEDs. In-vitro studies using probes 
for effect on hepatic isozymes did not predict any effect 
on CYP 1A2, 2C9, 2C19, or 2D6. However, 3A4 was 
mildly induced. Unlike valproic acid, valrocemide does 
not inhibit epoxide hydrolase.

Clinical Efficacy

In a Phase IIa trial, 22 patients were exposed to the drug 
in doses up to 2,000 mg BID. Clearance was higher in 
epilepsy patients, most likely because the drug is induc-
ible. Adverse events were mild to moderate and impacted 
the CNS and the gastrointestinal system.

A new, controlled-release formulation has been 
developed.

CONCLUSION

There are as many new AEDs in the pipeline at this time 
as at any time in the past. These should serve to improve 
the management of children with epilepsy into the next 
decade and beyond. The diverse mechanisms and profiles 
of the drugs discussed in this chapter represent enormous 
promise for expanded efficacy, safety, and tolerability. In 
addition, it is to be hoped that one or several will turn 
out to be magic bullets for specific difficult epilepsy syn-
dromes encountered in children.
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Surgical Evaluation

pilepsy surgery is an important treat-
ment for children with medically 
resistant seizures. Successful surgi-
cal therapy offers hope for reversing 

long-standing medical and psychosocial disability and for 
achieving a more productive and independent life (1).

Identifying appropriate pediatric surgical candidates 
and evaluating their seizure patterns are rarely straight-
forward exercises, because children manifest a wide range 
of seizure types with polymorphous clinical presentations. 
When electroencephalogram (EEG) findings are nonlocal-
izing or nonspecific, a comprehensive battery of investiga-
tions is often needed to assist in seizure localization. This 
chapter reviews the indications and special features of 
epilepsy surgery in the pediatric population, emphasizing 
currently available procedures for determining surgical 
candidacy.

CANDIDATE IDENTIFICATION 
AND SELECTION

Refractory Seizures

Partial seizures are a common form of epilepsy. Their 
incidence in the Danish registry is 135 cases per 100,000 
unselected patients (2), accounting for 60% of the 

Michael Duchowny

cumulative lifetime prevalence of all epileptic seizures 
(3, 4). Fortunately, most patients are controlled medically, 
but there remains a large pool of children with recurrent 
seizures who are at risk for personal injury, diminished 
quality of life, and, occasionally, death. For the 5% to 
10% of chronic epilepsy patients who are disabled by 
their disorder, surgery is a justifiable option (5).

To establish intractability, it is first necessary to 
show that appropriate antiepileptic drugs (AEDs) are 
ineffective. Serum concentrations should optimally be 
administered to achieve high therapeutic levels, and poly-
therapy must be chosen judiciously. Although there are 
many new and investigational AEDs for partial seizure 
disorders, children who do not respond to traditional 
agents are unlikely to go into remission.

Special factors in children may compromise the goal 
of complete remission. Medication noncompliance in the 
adolescent population and parental anxiety are two com-
mon concerns. At the same time, physician factors, such 
as medication omissions and dosing errors, can under-
mine otherwise successful treatment efforts and allow 
seizures to persist indefinitely (6).

Nonepileptic disorders and psychogenic seizures 
affect approximately 10% of adolescent and adult epilepsy 
patients and are a common cause of “pseudointractabil-
ity” (7). Mimickers of epilepsy are particularly common 
in children and show a diverse clinical spectrum (8). Two 
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common pitfalls are mistaking complex partial seizures 
for primary absence epilepsy and failing to identify pre-
cipitating factors such as sleep deprivation. More rarely, 
supplementary motor area seizures may be mistaken for 
psychogenic nonepileptic seizures because their clinical 
semiology consists of bilateral motor convulsive move-
ment with preserved awareness. Supplementary motor 
area seizures are simple partial seizures arising from a 
discrete and operable focus in the interhemispheric fis-
sure (9). Neurodegenerative disorders, inborn errors of 
metabolism, and indolent gliomas are occasionally associ-
ated with refractory seizures.

Surgical referral is indicated for all children with 
partial seizures that do not respond to conventional AEDs 
and the ketogenic diet and that interfere with daily func-
tioning. Family dynamics and perceptions of well-being 
often influence referral patterns. It has recently been con-
firmed that children rendered seizure free by excisional 
procedures achieve enhanced quality of life in multiple 
functional domains (10).

Gilman and coworkers (6) reexamined the diagnosis 
of medical intractability in 21 children referred for epi-
lepsy surgery who had significant treatment omissions, 
such as nonutilization of a first-or second-line AED or 
lack of therapeutic drug level. Correcting these omissions 
did not benefit 19 children (90%), whereas 2 children 
improved on high-dose AED monotherapy. This expe-
rience suggests that, although the occasional medically 
refractory child responds to additional therapeutic inter-
vention, definitive remission is rare.

Pediatric Risk Factors

Several seizure-related factors are associated with medical 
intractability (11). Frequent seizures (daily or weekly), 
clustering (12), and early seizure onset (particularly in 
infancy) favor seizure persistence (13). Infantile hemicon-
vulsive status epilepticus is linked to later temporal lobe 
epilepsy in some individuals (14–16). Motor convulsions 
in nonconvulsive disorders worsen prognosis in direct 
proportion to the overall number of convulsive episodes 
(17). Children with brain damage are particularly prone 
to persistent seizures (12, 18), with the greatest risk in 
more severely damaged patients (19).

The negative consequences of medically uncon-
trolled childhood epilepsy were starkly revealed in early 
prospective cohort studies begun shortly after World 
War II of 100 children with temporal lobe epilepsy (20). 
When seizures persisted into adolescence, patients 
regressed behaviorally and cognitively, and few symp-
tomatic individuals ever led functionally independent 
lives. Psychosocial disturbance was most troublesome, 
and less than 5% of the children with significant psycho-
pathology ever functioned normally if their schooling 
was interrupted (20).

Deleterious Effects of Repeated Seizure Activity

Although psychosocial and intellectual deterioration 
are not uniformly associated with chronic epilepsy, sei-
zures are deleterious to the developing nervous system. 
Recurrent seizures induce both transient and long-lasting 
disruptions of neural circuitry and permanent memory 
dysfunction (21). Kainic acid exposure increases binding
sites in fascia dentata and the CA3 regions of the hip-
pocampus (22), while even brief seizures are capable of 
inducing mossy fiber sprouting, synaptic reorganization, 
long-lasting alterations in gene expression, and poten-
tiated neural excitability (23, 24). Similar findings are 
noted in anterior temporal lobectomy specimens (25, 26), 
emphasizing that regulatory disturbance of neural exci-
tation and abnormal cellular architecture accompany 
human epilepsy as well. Hippocampal damage identical 
to that in chronic temporal lobe epilepsy is also seen in 
patients with dementia (27).

Other factors predispose children to limbic dysfunc-
tion and cellular change. Prolonged early febrile seizures 
are a recognized antecedent of hippocampal sclerosis (HS) 
and temporal lobe epilepsy (28). Developmental staging 
is critical because older individuals are less likely to be 
damaged (29). Bacterial meningitis and viral encephalitis 
predispose children to HS after infections only prior to 
age 4 years (30, 31).

HS, the predominant histopathologic feature of 
adults with temporal lobe epilepsy, is also prevalent in 
childhood. In a study of 53 children with chronic tem-
poral lobe seizures who underwent detailed magnetic 
resonance imaging (MRI) evaluations, 30 children dem-
onstrated either HS or abnormal hippocampal signal 
without evidence of a mass lesion (16). HS was subse-
quently confirmed pathologically in 11 of 13 patients 
treated surgically.

SYNDROMES ASSOCIATED WITH 
MEDICALLY INTRACTABLE EPILEPSY

Epilepsy syndromes were included in the 1989 Interna-
tional League Against Epilepsy classification (32), and 
that classification is presently in widespread use to cat-
egorize epileptic seizures (33). Identification of specific 
epilepsy syndromes helps define long-term prognosis, 
assist genetic analysis, and facilitate surgical referral.

Sturge-Weber Syndrome

Sturge-Weber syndrome is a neurocutaneous disorder 
manifested by venous angiomas of the leptomeninges and 
ipsilateral facial angiomatosis (portwine stain, nevus 
flammeus), which are associated with varying degrees 
of mental deficiency; ocular defects, including glaucoma 
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and buphthalmos; and epilepsy (34). Partial seizures are 
particularly common (35), and patients often have uncon-
trolled seizures and deteriorate clinically. Depressed glu-
cose metabolism on positron emission tomography (PET) 
(36) and decreased regional blood flow on 133Xe single-
photon emission computed tomography (SPECT) (37) 
confirm severe functional derangement of cerebral cortex 
underlying the angioma.

Tuberous Sclerosis Complex

Tuberous sclerosis complex (TSC) is a phakomatous disor-
der causing multiorgan dysfunction, severe psychomotor 
delay, hypopigmentary skin lesions, adenoma sebaceum, 
and shagreen patches. Eighty-five percent of patients have 
infantile spasms and partial epilepsy (38), a high proportion 
of which are drug-resistant. Excisional procedures designed 
to remove cortical tissue in proximity to the epileptogenic 
tuber successfully induce seizure remission (39). Multiple 
tubers are not a surgical contraindication, because sustained 
seizure relief is still possible (40).

Although intractable focal epilepsy is often viewed 
as being either lesional or nonlesional, TSC patients 
are more precisely characterized as “multilesional” in 
that they harbor several potential epileptogenic lesions. 
However, removal of a single tuber often successfully 
improves or alleviates seizures. The preoperative evalu-
ation is therefore oriented toward identifying the epilep-
togenic surgical tuber while simultaneously assessing the 
epileptogenic potential of other lesions.

The identification and removal of an epileptogenic 
tuber utilizes standard preoperative investigational and 
planning protocols. Video-EEG characterizes primary 
seizure origin and functional spread patterns. Ictal 
recording is particularly valuable for localizing seizure 
onset in rapid secondarily generalized tonic spasms (41) 
and lateralizing apparent bilaterally synchronous 
discharges (42).

Hyperperfused cortical regions on ictal SPECT are 
used to corroborate electrographic seizure origin and are 
highly localizing when the EEG demonstrates sustained 
rhythmic focal fast discharges or spiking (43, 44). A sig-
nificant proportion of surgical candidates experience a 
good outcome if the MRI, EEG, and SPECT findings are 
convergent, whereas the risk of developing a new focus 
postoperatively is acceptably small (45–47). Early seizure 
control reverses profound mental retardation and severe 
autism (48).

The long-term prognosis for seizure recurrence in 
TSC patients rendered seizure free by surgery is unknown. 
Although any of the remaining tubers could activate in 
later life, similar risks exist for all surgery in patients with 
malformations of cortical development. Alternatively, it 
is also possible that removal of the primary epileptogenic 
region could modify potential secondary epileptogenic 

areas, as may occur in other brain lesions (49). Persistent 
multifocal abnormalities underscore the need for caution 
and long-term seizure surveillance.

Cortical Dysplastic Lesions (CDLs)

Dysplasias of the cerebral cortex represent abnormal 
patterns of neuronal migration and cellular morphogen-
esis and are an important cause of intractable childhood 
epilepsy. High-field-strength magnetic resonance (MR) 
and functional imaging can detect subtle abnormalities in 
cryptogenic disorders (Figure 60-1). Although the gener-
alized dysplasias, such as lissencephaly and band hetero-
topia, are rarely amenable to excisional procedures, focal 
lesions often merit surgical consideration (50, 51).

Very young patients with intractable partial sei-
zures have a high proportion of CDLs and are prone to 
severe developmental deterioration. Dysplastic changes 
in infants with catastrophic seizures are often multi-
lobar and show a predilection for the posterior hemi-
spheres (52, 53). Treatment with multilobar excision 
or hemispherectomy is often required for full seizure 
control.

Syndrome of Gelastic Epilepsy and 
Hypothalamic Hamartoma

The syndrome of gelastic seizures and hypothalamic ham-
artoma is characterized by laughing seizures in early life in 
association with a hamartoma of the posterior hypothala-
mus. The lesion consists of heterotopic and hyperplastic 
tissues arising in the interpeduncular cistern or within 
the hypothalamus near the tuber cinereum and mammil-
lary bodies (54). Patients manifest complex partial sei-
zures or tonic, atonic, and clonic motor convulsions (55). 
Few are controlled by medication. Precocious puberty 
in some patients indicates a neurosecretory potential for 
the lesion. Progressive mental decline during the second 
decade of life is the rule.

Despite the uniform occurrence of the hypotha-
lamic lesion in affected patients, it has been difficult to 
prove unequivocally that the hamartoma is intrinsically 
epileptogenic. Supportive evidence has come from sev-
eral sources. Ictal SPECT during gelastic seizures reveals 
hyperperfusion within the hamartoma, hypothalamus, 
and thalamus, but not the cortex (56, 57). Direct EEG 
recording from the hamartoma reveals focal spiking 
(57, 58), whereas electrical stimulation of the hamartoma 
reproduces gelastic seizures (57).

Both surgical excision (59, 60) and radiofrequency 
lesioning (57) successfully alleviate seizures. Seizure free-
dom facilitates progressive improvement in the EEG and 
eventual disappearance of the paroxysmal activity (59). 
Improved cognitive ability and behavior have also been 
reported (59).
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In contrast, focal resection of epileptogenic cortical 
regions is rarely beneficial (61). A rationale for corti-
cectomy is rooted in abnormal cortical epileptogenic 
activity and a belief that ictal laughter and confusion 
are cortically organized complex partial seizure mani-
festations. Patients with hypothalamic hamartomas also 
manifest extralesional abnormalities of gray and white 

matter throughout the hemispheres (62), but, although 
these regions form aberrant intraneuronal networks, their 
elimination is alone insufficient for seizure freedom.

It should be emphasized that, despite the remark-
able advances in surgical technique, removing hypotha-
lamic hamartomas is not without risk. Hypothalamic 
disturbance and Korsakoff’s dementia are potential 
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FIGURE 60-1

A 3-month-old male candidate for epilepsy surgery because of neurologic deterioration associated with medically resistant 
partial seizures and infantile spasms. (A) T2-weighted coronal MR image. There is asymmetric thickening of the cortex in the 
right parahippocampal and occipitotemporal gyri consistent with cortical dysplasia. (B) T2-weighted axial MR image. There is 
asymmetric increased myelin deposition in the right occipital and posterior temporal lobes as indicated by the hypointense white
matter signal (in comparison to the normal hyperintensity of cerebral white matter in a 3-month-old patient). Areas of hyper-
myelination are known to occur in conjunction with cortical dysplasia. (C) Axial 99mTc HMPAO ictal SPECT. There is increased 
activity in the right occipital and posterior temporal lobes, corresponding to the regions of abnormality on MR images. (D) Ictal
EEG recorded during injection for SPECT study, demonstrating repetitive rhythmic sharp waves in the right temporo-occipital 
region. The electrographic discharge was accompanied by contraversive eye deviation and facial grimacing.
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consequences of damage to the mammillary bodies, and 
sessile hamartomas are technically difficult. The Gamma 
Knife offers a noninvasive alternative for ablating small, 
deep-seated lesions (63).

Hemimegalencephaly

Hemimegalencephaly is a rare disorder of brain growth 
in which one cerebral hemisphere undergoes striking 
enlargement in conjunction with gyral thickening and 
accelerated myelination. Histologic analysis reveals 
bizarre giant neurons and heterotopias similar to those 
of TSC and high-grade cortical dysplasia (64). Fulminant 
hemiconvulsive seizures and mental deterioration lead to 
early death in some affected individuals (65), whereas 
others experience a more benign course (66).

Chronic Focal (Rasmussen) Encephalitis

First described by Rasmussen in 1958 (67, 68), chronic 
focal encephalitis is a rare but striking cause of epilep-
sia partialis continua and progressive hemiplegia and 
characteristically is drug-resistant. Serial neuroimaging 
reveals progressive atrophy associated with nonspecific 
focal inflammatory changes in brain tissue and cerebral 
vasculature (69, 70). A viral etiology has not been estab-
lished despite repeated attempts to culture an agent (67). 
Acquired autoimmune dysfunction is suggested by the par-
tial resolution of symptoms after immunotherapy and the 
recent identification of antibodies to the GluR3 receptor in 
some patients. Hemispherectomy prevents progression in 
patients with unilateral hemispheric involvement (70).

West Syndrome

West syndrome, a disorder of brief clonic or tonic spasms, 
developmental delay, and EEG hypsarrhythmia, is a cata-
strophic early-onset epilepsy that is often drug resistant. 
Treatment with corticosteroids and vigabatrin induces 
remission in approximately half of affected individuals, 
leaving a sizable proportion with continuing seizures.

The occurrence of spasms in patients with confirmed 
structural lesions or evidence of localized functional 
derangement often leads to consideration of excisional 
surgery (53, 71). The ability to induce surgical remission 
in an apparently generalized disorder implies that the 
spasms are a form of secondarily generalized epilepsy. 
PET abnormalities in dysplastic cortical regions (36) and 
the cessation of generalized and partial epileptic seizures 
support this hypothesis (72).

Malformations of cortical developmental and 
acquired tumors are identified in a high proportion of 
patients. The restricted region of cortical dysfunction 
is not inextricably linked to gross structural pathology; 
many patients with EEG hypsarrhythmia show only 

microscopic changes and a normal MRI. The potential 
preoperative pool thus includes all patients with focal 
cortical dysfunction, with or without a discrete anatomic 
abnormality.

The utilization of excisional procedures to treat 
infants with West syndrome has been facilitated by 
high-resolution MR imaging of cortical dysplasia and 
other subtle malformations of cortical development. In 
nonlesional cases, PET studies may identify focal hypo-
metabolic regions that are subsequently proven to be foci 
of cortical dysplasia. The ability to identify abnormal 
metabolic cortex is especially critical in the absence of 
gross structural lesions (73). Localized cerebral hypo-
perfusion can also be demonstrated by SPECT (74). For 
unknown reasons, dysplastic lesions producing infantile 
spasms show a predilection for the posterior cerebral 
hemispheres.

Successful excisional surgery to treat patients with 
West syndrome was first performed in infants with docu-
mented spasms and localized hypometabolism on PET. 
Resections were carried out on patients lacking focal ana-
tomic lesions if there was evidence of localized metabolic 
abnormality. Resected tissue demonstrated histopatho-
logic findings consistent with cortical dysplasia (73).

More recently, Shewmon et al (75) confirmed the 
efficacy of surgery in 28 infants who were experiencing 
active spasms at time of operation. Twenty-six (93%) 
obtained immediate postoperative seizure relief, and only 
three relapsed. At long-term follow-up, 11 patients were 
seizure free, with 5 still taking medication.

There are no universally accepted selection criteria 
for patients with infantile spasms. Perfectly symmetric 
spasms are rare, and it is important to document any 
clinical or electrographic feature suggesting a lateralized 
process. Apart from clinical signs such as hemiparesis, 
successful candidates should manifest partial seizures or 
asymmetric spasms, with or without asymmetry of the 
hypsarrhythmic EEG (76). Asymmetric spasms and par-
tial seizures can coexist as the principal seizure pattern 
or occur concurrently (77). Partial seizures trigger spasms 
in some patients (78).

SURGERY IN INFANCY

Despite compelling evidence that very young patients can 
deteriorate rapidly, surgery is often postponed until later 
childhood or adolescence (79, 80). Rapid deterioration 
is especially common in infants with exceptionally fre-
quent seizures. Hemispherectomy is indicated when there 
is hemispheric damage and widespread unilateral epileptic 
involvement (81). Approximately 85% of hemispherec-
tomy patients achieve seizure freedom. Smaller resections 
are restricted to patients with localized ictal patterns and 
convergent neuroimaging findings (82,  83). In an early 
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report, three of five infants with partial epilepsy under-
going resections became seizure free, two improved sig-
nificantly, and none deteriorated (84). The favorable 
experience has been confirmed in larger series of infants 
undergoing excisional procedures (85, 86).

SURGICAL CONTRAINDICATIONS

Degenerative and Metabolic Disorders

Metabolic and degenerative disorders are important sur-
gical contraindications. Most of these disorders present 
in the first decade of life and are occasionally associated 
with partial seizures.

Benign Focal Epilepsies

Syndromes of benign partial epilepsy resolve by the end 
of the second decade. Benign rolandic epilepsy and benign 
focal epilepsy of childhood with occipital spikes are rela-
tively common and easily diagnosed by their distinctive 
clinical and EEG features (87, 88).

Medication Noncompliance

Noncompliance is usually established by the referring 
physician and rarely surfaces as an issue during the preop-
erative evaluation. Noncompliant patients are unsuitable 
surgical candidates.

Psychosis

The occurrence of psychotic symptoms in children with 
partial seizures is controversial and rarely reported. 
Chronic thought disorders in the adult are rarely 
improved after surgery, and peri-ictal disturbances gen-
erally remit with seizure control (89). It is not known 
whether psychotic symptoms can be prevented by early 
surgical intervention.

Mental Retardation

Patients with chronic epilepsy manifest variable cogni-
tive impairment, but surgery is rarely withheld if patients 
can comply with the preoperative evaluation. Retarded 
individuals clearly benefit from seizure freedom.

Dysfunctional Families

Cooperation with epilepsy surgery team members is fun-
damental to the success of elective surgery. Psychody-
namically dysfunctional families are rarely comfortable 
during intensive or prolonged hospitalizations and may 
not be able to evaluate the risks and benefits of surgery 

objectively. Dysfunctional families require psychologic 
and social intervention and support before surgical 
workup.

PREOPERATIVE EVALUATION

Neuropathologic Considerations

Disorders of cortical development underlie the majority 
of intractable seizures in childhood, whereas acquired 
lesions (i.e., atrophic, sclerotic, or both) are less common. 
Extensive resections (hemispherectomy or multilobar 
excision) prove necessary because developmental lesions 
are associated with widespread anatomic and functional 
derangement. Although temporal lobectomy is frequently 
used to treat adults, pediatric patients are more prone 
to extratemporal seizures and catastrophic presentations 
(1, 90). Direct comparisons of children and adults with 
cortical dysplasia and epilepsy reveal that onset of seizure 
at a younger age is associated with a higher incidence of 
developmental delay, larger structural lesions, and higher 
seizure frequency (91).

Not unexpectedly, seizures from a developmentally 
abnormal cortex are more difficult to characterize by 
scalp EEG; high-field-strength MR imaging can assist 
localization by detecting subtle dysplastic lesions. Even 
so, many low-grade dysplastic lesions and neuronal het-
erotopias remain undetected (92). Functional localiza-
tion using PET and SPECT can identify epileptogenic 
regions through abnormal metabolism or ictal blood flow 
(93–96).

CLINICAL SEIZURE SEMIOLOGY

Frontal Lobe Epilepsy (FLE)

The clinical and electrographic manifestations of FLE 
are extremely heterogeneous. Frontal lobe seizures are 
typically brief (�5 minutes) and stereotyped. Cluster-
ing and sleep onset are common; prolonged seizure epi-
sodes and auras are unusual. Patients may experience 
brief nonspecific fears or sensations immediately before 
seizure onset.

Motor seizures of frontal lobe origin may be tonic 
or clonic, reflecting involvement of Brodmann areas 6 
or 4. Seizures arising in motor strip produce contralat-
eral clonic activity, with or without Jacksonian spread 
to adjacent cortical areas. Very young children are more 
prone to secondary generalization. Tonic contraversive 
arm, head, or eye movements suggest involvement of dor-
solateral frontal cortex anterior to motor strip. Tonic 
version is commonly the result of secondary spread of 
epileptic activity to the frontal cortex.
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Ictal head version is a common manifestation of 
frontal lobe seizure and occurs when the sternocleido-
mastoid muscle is activated. This muscle has two heads 
(sternal and clavicular) that rotate the head and neck in 
opposite trajectories (contralateral turning vs. ipsilateral 
tilting) (97). Either or both heads may become active, 
resulting in complex ictal patterns.

Stereotyped psychomotor patterns are more typi-
cal of seizures arising in the premotor cortex. Symptoms 
include bicycling movements, repetitive arm postures 
and gestures, and disturbances of phonation, includ-
ing speech arrest and vocalization (98, 99). Activation 
of anterior and orbitofrontal cortexes are associated 
with prominent automatisms and complex behavioral 
sequences. Truncal postural change is not unusual, and 
patients often appear frightened or agitated. Seizures are 
typically nocturnal, with frequent arousals that, together 
with the lack of epileptiform discharges, have suggested 
paroxysmal nocturnal dystonia.

Supplementary motor area (SMA) seizures often 
begin in childhood (9); they cause bilateral proximal tonic 
limb posturing with fully preserved consciousness. The 
routine EEG may be normal or nondiagnostic, yielding 
a false impression of psychogenic seizures. Intracortical 
propagation of SMA discharges may falsely localize sei-
zure onset to the dorsolateral convexity.

Temporal Lobe Epilepsy (TLE)

Seizures of temporal lobe origin are common in child-
hood. Although they are well characterized in adolescents 
and adults, the manifestations of TLE are less well docu-
mented in infants and children. Many features are seen 
in adults, but diagnostic pitfalls abound.

Complex partial seizures of temporal lobe origin 
impair or distort consciousness. Auras are common, 
although rarely described by the preverbal or nonver-
bal patient. Automatisms typically consist of gestural 
or oroalimentary movements in infancy, whereas verbal 
and complex behavioral automatisms are characteristic 
of older patients (100).

Secondary motor seizures occur frequently in infants 
and may be the only seizure manifestation. Their inci-
dence declines with advancing age, while behavioral arrest 
and stereotyped automatisms increasingly predominate. 
Video-EEG is often required to diagnose secondary motor 
phenomena (100, 101).

Parietal Lobe Epilepsy (PLE)

Seizures of parietal lobe origin are relatively uncom-
mon, and their true incidence is probably underestimated 
because symptoms arise only after extraparietal spread. 
Two clinically distinct propagation patterns are recog-
nized: motor convulsions with spread to the frontal lobes 

and complex partial seizures with temporal lobe involve-
ment (102–104). Both patterns may occur in the same 
patient (104). Panic attacks may be the sole manifestation 
of right parietal lobe seizures (105).

The EEG is often silent or subtly abnormal. Ictal 
SPECT may confirm anterior parietal seizure origin in 
patients with sensorimotor symptoms; psychoparetic 
symptoms arise posteriorly (104).

Occipital Lobe Epilepsy (OLE)

Occipital seizures produce visual symptomatology, 
including hallucinations, amaurosis, visual field deficits, 
and forced eye and eyelid movement (102). Seizure activ-
ity may spread frontally or, more rarely, to the temporal 
lobe and produce regional symptoms. Many children with 
OLE have benign syndromes that are easily controlled 
and that remit during adolescence (106, 107).

SCALP EEG

The EEG evaluation remains the single most useful tool 
for evaluating pediatric epilepsy surgery patients. Experi-
enced pediatric EEG personnel should evaluate the EEG, 
because the interpretation of pediatric seizure patterns 
is complex (108). Although patients referred for surgery 
usually have had extensive EEG evaluations, electroclini-
cal diagnoses should always be reconfirmed by careful 
review of prior EEG recordings. Video-EEG is essential 
for documenting seizure manifestations. The appearance 
of electrographic discharges before clinical seizure onset 
suggests remote seizure onset (108).

Ictal patterns in the childhood epilepsies are more 
often regional than localized, and children display a 
wide variety of artifacts that obscure EEG interpreta-
tion. There is a close relationship between ictal and 
interictal electrographic findings, but less than half of all 
interictal spikes are detected at the scalp (108). Pediatric 
surgical candidates often manifest bilaterally synchro-
nous or multifocal discharges. Regionalization serves 
as a basis for planning further invasive studies. MR 
and functional imaging often help confirm equivocal 
electrophysiologic data.

STRUCTURAL IMAGING

Magnetic resonance imaging is the modality of choice 
for evaluating pediatric epilepsy surgery candidates. Its 
high specificity and sensitivity provide clues to the patho-
logic basis of many developmental disorders, including 
CDLs, migrational disturbances, and developmental 
tumors (e.g., dysembryoplastic neuroepithelial tumors or 
gangliogliomas).
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MRI presently detects pathologic substrates in 
more than 80% of children with intractable partial 
epilepsy (92). Thirty of 98 children and adolescents with 
partial epilepsy undergoing both computed tomography 
(CT) and MRI investigations had lesions responsible for 
their epilepsy that were detected by MRI, but not by 
CT (109).

MRI studies also reveal a high incidence of HS in 
childhood. In a study of 53 children with TLE undergoing 
detailed MRI investigations, 30 children showed either 
HS or regions of abnormal signal in the absence of a 
mass lesion (110). Hippocampal volume loss can also be 
documented (111). One developmentally delayed infant 
with a normal MRI reportedly developed a unilaterally 
increased signal in the hippocampus within 24 hours of 
an episode of status epilepticus (112). Cortical dysgenesis 
was identified in the temporal lobe specimen.

Neuroimaging of pediatric epilepsy surgery can-
didates should employ techniques to maximize yield. 
T1-weighted data are optimally acquired in an oblique 
coronal orientation, orthogonal to the long axis of the 
hippocampi (113). Sequencing should include thin (1- to
1.5-mm) images without gaps, especially through the 
hippocampal regions. Further sequences, such as fluid 
attenuated inversion recovery (FLAIR), help detect subtle 
abnormalities. We routinely perform MRI after video-
EEG monitoring to facilitate more detailed examination 
of the candidate seizure region.

FUNCTIONAL IMAGING

Functional imaging of the epileptogenic region may help 
define the seizure focus, especially when other modalities 
yield equivocal or divergent findings. Several techniques 
are presently available.

PET

PET utilizes radioactive tracers with short half-lives linked 
to cerebral blood flow. 18Fluorodeoxyglucose (FDG) is a 
marker of the interictal focus, correlating with the epi-
leptogenic region (usually the temporal lobe) in approxi-
mately 80% of adult cases (114). Ictal capture is unlikely 
and should not be induced by convulsant agents because 
of technical limitations of the scanning process.

The requirement for sedation and the higher propor-
tion of extratemporal seizures limit the clinical utility of 
PET in children. Newer isotopes that bind to receptor-
specific compounds such as 11C-flumazenil, which is 
linked to the benzodiazepine receptor, hold promise for 
enhanced localization (115).

Although less widely employed in the pediatric set-
ting, PET studies have also been employed successfully 
to localize seizure origin in cases of West syndrome (73) 

and other epileptic encephalopathies (116), Sturge-Weber 
syndrome (117), TSC (118), frontal lobe epilepsy (119), 
and generalized tonic-clonic seizures (120). PET studies 
are particularly useful in children with extratemporal 
epilepsy and childhood syndromes with apparently gen-
eralized epileptic discharges.

PET has also been utilized successfully for presurgi-
cal localization of eloquent cortex in children with sei-
zures. PET mapping of eloquent language, motor, and 
visual areas was accomplished in 15 children by coregis-
tering PET images of task-activated cerebral blood flow 
onto MR images (121). All patients had lesional epilepsy. 
PET mapping was well tolerated in all cases.

The absolute reliability of PET as a stand-alone 
localizing tool in the pediatric epilepsy surgical evaluation 
has been questioned (122). Whereas FDG-PET studies 
in older children and adolescents have produced results 
similar to those in adults (123), with one exception (116), 
there are no longitudinal studies of PET in younger chil-
dren. It has also been shown that [11C]flumazenil PET is 
significantly more sensitive than 2-deoxy-2-[18F] fluoro-
D-glucose for detecting cortical regions of seizure onset 
and frequent spiking in children with extratemporal epi-
lepsy, and that both radioisotopes have low sensitivity 
when there is rapid seizure spread (124).

Single-Photon Emission 
Computerized Tomography

Imaging with SPECT utilizes isotopes such as hexylmeth-
ylpropylene amine oxime (HMPAO) for qualitative mea-
sures of regional cerebral perfusion (rCP). Early studies 
were performed in the interictal state, but ictal injections 
are acknowledged to yield more accurate localization of 
the epileptogenic region (125). The high yield of ictal 
SPECT has supplanted PET in the functional evaluation 
of pediatric epilepsy surgery candidates (126).

The widespread availability of SPECT cameras 
in nuclear medicine facilities, the low cost of gamma-
emitting isotopes, and the introduction of more stable 
radiopharmaceuticals have facilitated SPECT studies 
at many pediatric epilepsy centers. SPECT has been 
employed successfully to evaluate a wide spectrum of 
pediatric epilepsy surgical syndromes including Sturge-
Weber syndrome (127), tuberous sclerosis complex (44), 
Rasmussen syndrome (128), hemimegalencephaly (129) 
and focal cortical dysplasia (130).

Ictal SPECT studies remain the procedure of choice 
to localize a high proportion of children with partial epi-
lepsy (131). Ictal SPECT studies revealed hyperperfusion 
in 14 of 15 children with temporal lobe epilepsy under-
going preoperative evaluation (132). In 4 children, ictal 
SPECT provided additional localizing information that 
was absent from ictal EEG recordings. Similarly, Cross 
et al (133) reported abnormalities on ictal SPECT in 13 
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of 14 children with both temporal and extra-temporal 
seizures. The timing of injection was a critical variable, 
with injections more than 30 seconds postictally being 
less likely to yield reliable measurements of regional cere-
bral blood flow. Pediatric ictal SPECT studies have also 
been shown to reliably colocalize the epileptogenic zone 
demonstrated by intracranial EEG recording and to cor-
relate with higher rates of surgical success (134).

In contrast, interictal SPECT injections are a sig-
nificantly less reliable localizing tool in pediatric patients 
(135). Normal studies or uncertainty regarding regions 
of hypoperfusion may potentially be misleading and are 
rarely relied upon for surgical decision making. Ictal 
SPECT studies may be used to confirm localizing data 
from EEG and MRI investigations or to define the epi-
leptogenic region in children with normal or discordant 
EEG and imaging data. SPECT may also play a role in 
clarifying the extent of the epileptogenic region and assist 
in placement of intracranial electrodes.

Proton Magnetic Resonance 
Spectroscopy (MRS)

MRS studies in epilepsy use N-acetyl aspartate (NAA), 
creatine, and phosphocreatine-containing compounds, as 
several lines of evidence indicate that NAA is primarily 
intraneuronal and an indicator of neuronal well-being 
(136). 1H-MRS can be added to routine imaging and pro-
vides important lateralizing information, especially in tem-
poral lobe epilepsy (137). Recent MRS studies document 
neuronal dysfunction in neocortical dysplastic lesions, and 
correction of metabolic derangement at mirror temporal 
foci improves after successful surgery (138).

Functional MR Imaging (fMRI)

fMRI is based on noninvasive detection of small regions 
of increased cerebral blood flow through decreases in 
deoxyhemoglobin concentration. Three applications are 
especially promising for patients with epilepsy: delinea-
tion of ictal events, localization of the primary epilepto-
genic region, and identification of a functionally critical 
cortex (139).

At present, pediatric applications of fMRI are lim-
ited. Subjects must be awake, fully cooperative, and not 
easily distracted. In many candidates, who are devel-
opmentally delayed or suffer from behavioral and/or 
motor disabilities, fMRI data are not easily acquired. 
fMRI is, however, increasingly being incorporated into 
the preoperative evaluation of children. fMRI has reli-
ably been used to localize language, sensory, motor, and 
visual functions in children and can influence surgical 
planning (140).

Language mapping utilizing developmentally appro-
priate paradigms generates localizing data in children 

that is similar to adults. Cooperative children as young 
as age 5 years have been studied successfully (141). It has 
been shown that networks for auditory processing are 
regionally localized and lateralized by age 5 years (142). 
Receptive language sites are located primarily along the 
superior temporal sulcus, similar to those of the adult, 
suggesting that language localization and network for-
mation is established in early life. False lateralization of 
language cortex to the homologous nondominant hemi-
sphere may occur in children undergoing fMRI in the 
postictal state (143).

Sensorimotor cortex can be positively identified uti-
lizing paradigms in which the child taps a finger or toe, 
wiggles the tongue, or has an extremity brushed. All of 
these paradigms are simple to apply and achieve reliable 
results, even in very young children. The location of sen-
sorimotor function by fMRI agrees with localization data 
obtained by direct cortical stimulation.

NEUROBEHAVIORAL AND 
PSYCHOSOCIAL ASSESSMENT

Candidate Selection

Neurobehavioral and psychosocial disabilities are com-
mon in pediatric epilepsy surgical candidates. A high pro-
portion display mental handicap, short attention span, or 
high activity level (80, 144). There is a clear link between 
brain damage and the presence of these features, with the 
most damaged patients showing earlier seizure onset and 
a higher frequency of recurrence (12). Older children and 
adolescents with TLE may develop psychotic thought 
disorders, especially with left-sided seizure origin (89); 
adults may experience hyposexuality and personality 
disturbances (145).

The high incidence of psychosocial and behavioral 
problems makes baseline assessment of these areas of 
functioning critical to the preoperative evaluation. How-
ever, level of cooperation is often poor, and cognitive 
deficits may not permit standardized testing.

There is also greater difficulty lateralizing and local-
izing function in the immature nervous system. Whereas 
neuropsychologic assessment in adults can lateralize 
dysfunction, similar procedures are rarely successful in 
children. The frontal lobes are not fully mature until the 
second decade, and temporal lobe findings are often non-
specific. Developmental lesions may produce widespread 
functional disturbance.

The contribution of psychosocial assessment to 
pediatric epilepsy surgery is more realistically directed 
in two ways. First, preoperative baseline level of func-
tion can be documented for future comparisons. Second, 
psychosocial assessment provides a descriptor of overall 
maturational brain status.
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Testing Protocol

There is no single neurobehavioral protocol for chil-
dren being worked up for epilepsy surgery. At the Palm 
Desert II Epilepsy Surgery Conference, 82 centers com-
pleted detailed questionnaires about neuropsychologic 
testing (146). Forty-two (52.4%) included information 
about pediatrics, although children were often a small 
minority. Most centers employed adult test batteries with 
pediatric norms rather than devising their own batter-
ies. There was uniformity of testing for intelligence and 
certain measures of cognition but a striking diversity in 
tests of certain verbal skills and nondominant-hemisphere 
function. The Wisconsin Card Sorting Test and the Con-
trolled Oral Word Association Test (FAS Fluency) were 
most commonly used. A more complete listing of tests is 
found elsewhere (147).

INVASIVE EEG STUDIES

Intracranial EEG Recording

In children, as anomalous development occurs through-
out the neocortex (148) and is frequently in proximity to 
eloquent cortex, even seizures of temporal lobe origin are 
rarely evaluated properly by adult evaluation paradigms 
(149, 150).

Several additional factors in children explain the 
higher incidence of more complex workups and higher rates 
of electrode implantation. Electrocorticographic (ECoG) 
monitoring, the only tool for physiologically assessing 
seizure foci intraoperatively, is performed under general 
anesthesia and frequently is nondiagnostic (108). Elec-
trographically active regions may extend beyond known 
anatomic boundaries (151), are particularly extensive in 
infants and very young children (148, 152, 153), and are 
more likely to involve eloquent cortical regions (154, 155). 
Dysplastic tissue is rarely visible in the operating room, 
making visually guided surgery problematic.

Depth electrodes, which are used primarily to 
sample temporolimbic structures, have limited utility 
for neocortical foci. Subdural electrodes provide more 
comprehensive coverage and are well tolerated, even in 
very young children and infants (155, 156).

Indications for Implanting Electrodes

There are no universal criteria for invasive EEG moni-
toring in pediatric patients. Invasive monitoring is often 
indicated for nonlesional cases (157), whereas scalp EEG, 
in conjunction with imaging and ECoG, is usually suffi-
cient to evaluate seizures associated with gross structural 
lesions. Excisional procedures have been performed in 
patients undergoing only intraoperative ECoG monitor-
ing and PET (53).

Possible indications for invasive EEG recording 
include the following:

 1. Partial seizures with normal or nonlocalizing imag-
ing data. Nonlesional epilepsy patients become sei-
zure free only if the ictal onset zone and interictal 
abnormalities are completely resected. Subdural 
recording helps define the limits of the epileptogenic 
region, because depth electodes cannot sample wide 
regions of epileptogenic cortex.

 2. Epileptogenic zone larger than the structural lesion.
The true physiologic limits of the epileptic focus in 
patients with developmental lesions require care-
ful documentation (158). Invasive recording assists 
surgical planning (159). In 42 children with lesional 
epilepsy, 90 percent were seizure free after complete 
excision of the lesion and entire epileptogenic region, 
whereas half were seizure free with lesion removal 
and incomplete resection of electrophysiologically 
abnormal tissue (160).

 3. Noncongruence of data. Defining the epilepto-
genic zone with noncongruent seizure semiology, 
interictal-ictal EEG, and imaging data may not be 
possible. Invasive EEG recording can help resolve 
incongruities.

 4. Multiple lesions and/or multifocal interictal epilep-
tiform activity. Children with multiple structural 
lesions and/or multifocal interictal spike discharges 
are surgical candidates when seizures arise from a 
single operable epileptogenic zone (40, 161, 162). 
Multiple epileptogenic regions can exert complex 
ictal interactions, rendering localization difficult 
from scalp EEG data alone.

 5. Involvement of regions subserving eloquent cortical 
function. Regions of eloquent cortex that are con-
tiguous to the epileptic focus require mapping with 
subdural electrodes. Sensory cortex may be identi-
fied intraoperatively by median nerve stimulation. 
In children, language function is optimally defined 
extraoperatively.

Functional Cortical Stimulation

The high incidence of extratemporal and multilobar epi-
lepsy in children requires definition of cortical function 
in many surgical candidates. The standard adult para-
digm, whereby baseline stimulation is increased in 0.5- to 
1.0-mA steps until an afterdischarge, functional response, 
or 15-mA ceiling is obtained, is rarely successful in younger 
patients (163, 164). Electrical responsiveness increases in 
direct proportion to age, while threshold for functional 
responsiveness decreases until adolescence (164).

Cortical responses are more reliably elicited in chil-
dren by increasing both stimulus intensity and duration in 
a stepwise fashion (164). Increasing both domains rather 
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than intensity alone causes the stimulus to converge 
toward the chronaxie on the strength-duration curve. 
Responses obtained at the chronaxie are elicited at the 
lowest possible expenditure of energy, a clear advantage 
when working in immature cortex. In comparison to 
the adult paradigm, only dual stimulation successfully 
evokes both afterdischarges and functional responses in 
patients 4 years of age and younger (164).

Sensorimotor Mapping

Dual-stimulation mapping of sensorimotor responses in 
pediatric epilepsy surgery candidates reveals anatomic 
representation of cortical function similar to that in the 
adult. Despite the similarities, however, there are sev-
eral important maturational features (165). Children 
under the age of 4 years have predominantly tonic rather 
than clonic movements, and movement of the tongue 
is unusual. Below the age of 6 years, hand movement 
but not individual finger movement is observed. As a 
rule, tonic finger movements appear earlier than clonic 
movements, a developmental sequence that mirrors the 
ontogenetic expression of motor seizure patterns in child-
hood (100, 166).

Below the age of 2 years, facial motor responses may 
be bilateral (165), resembling a grimace that lasts sev-
eral seconds. Bilateral facial movement is absent in older 
children, suggesting that bilateral facial innervation is a 
postnatal pattern that predates axonal and/or synaptic 
elimination (167, 168). Ipsilateral lower facial innerva-
tion is gradually lost with maturation. Bilateral facial 
movement is supported by the observation of facial spar-
ing in congenital but not acquired hemiplegia (169).

Patients with aberrant cortical development exhibit 
unexpected anomalies of the motor homunculus (165). 
A hand region superior to primary shoulder region and 
double shoulder region above and below hand and fin-
ger cortex have been described. Aberrant cortical motor 
organization is more common in patients with other 
anomalies of cortical development (170). Experimen-
tal studies in the primate brain indicate that prenatal 
lesions are capable of inducing anomalous cortical sulci 
and functional reorganization at remote cortical sites in 
both cerebral hemispheres (171, 172).

Language Mapping

Much of our knowledge of the organization of primary 
language cortex in the child comes from studies of recov-
ery from childhood aphasia (173). Complete or near-
complete recovery is possible based on age at which the 
lesion occuerred and size and location of the damage 
(174). Recovery involves interhemispheric reorganization 
and a switch to right-hemisphere dominance. Language 
recovers well after early postnatal lesions, but deficits in 

nonlinguistic skills suggest that recovery is rarely com-
plete or predictable (175).

Although postnatal lesions of the dominant hemi-
sphere in early childhood lead to significant reorganiza-
tion of language cortex, there is little information about 
language representation in children with partial seizures 
and anomalous cortical development. Clarification has 
obvious implications when seizures originate within or 
adjacent to language cortex (176).

A recent investigation of electrical stimulation of 
language cortex in 34 predominantly pediatric patients 
with implanted subdural grid electrodes, identified 28 
with MRI and/or histologic evidence of developmental 
pathology (155). Patients with developmental lesions had 
language cortex in frontal and temporal sites anatomi-
cally similar to those in the adult. The “adult” represen-
tation has been documented in an epilepsy patient as 
young as 4 years old and a 2-year-old being mapped for 
tumoral surgery. The actual amount of surface area of 
cortex devoted to language (based on the number of sub-
dural electrodes showing language representation) is also 
similar to that of the adult (154, 177), which suggests that 
language sites are designated in early life and conserved 
anatomically over the lifespan. The increasing language 
competence of the child is therefore not attributable to 
increased cortical surface area.

The relatively fixed position of language cortex in 
children with anomalous disorders of cortical develop-
ment contrasts sharply with the relocation of language 
following early peri- or postnatally acquired lesions 
(178). Relocation of language sites occurs if language 
cortex is destroyed before the age of 6 years. By con-
trast, developmental lesions do not ablate language cortex 
and therefore do not lead to relocation. Epileptic bom-
bardment also does not displace language cortex from 
predetermined sites.

PREOPERATIVE PREDICTORS OF 
SEIZURE OUTCOME

Clinical, EEG, imaging, and neuropsychologic features 
have been used to predict outcome of adults selected for 
temporal lobectomy (1), and multivariate algorithms 
for predicting success have been described (179). Chil-
dren exhibit more diverse causes for intractable seizures, 
making extrapolation from the adult experience difficult. 
Pediatric candidates with a well-circumscribed interictal 
EEG focus, localized seizure pattern on monitoring, and 
tumoral epilepsy have a greater likelihood of seizure free-
dom (180). Although younger age at surgery is not associ-
ated with reduced chances of success, younger patients 
more often manifest poorly localized EEG patterns (180), 
and completeness of resection of the epileptogenic area 
(1) may not be possible.
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Studies of preoperative factors for pediatric temporal 
lobectomy have not identified specific predictors of seizure 
outcome (181). The absence of statistically significant adult 
variables such as duration of epilepsy, daily seizures, motor 
convulsions, and mental retardation suggests caution before 

excluding potential candidates. The lower predictive power 
of preoperative variables in pediatric epilepsy surgical can-
didates, in direct contrast with the adult experience, sug-
gests that all children with surgically amenable intractable 
seizures are potential surgical candidates.
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Advanced Neuroimaging: 
PET-MRI Fusion and 
Diffusion Tensor Imaging

euroimaging for presurgical evalu-
ation of pediatric epilepsy has 
changed in the last 20 years with 
the development of modern imag-

ing techniques. Magnetic resonance imaging (MRI) is 
now the recommended study of choice for patients with 
epilepsy (1–3). More than 70% of epileptogenic lesions 
are identified by MRI, including mesial temporal sclero-
sis, severe cortical dysplasia, vascular malformation, and 
tumors (4). However, subtler types of cortical dysplasia 
or cortical dysplasia associated with tumors and mesial 
temporal sclerosis can be overlooked (5). Advanced imag-
ing techniques including positron emission tomography 
(PET)-MRI fusion and diffusion tensor imaging (DTI) 
provide additional findings. In this chapter, the examples 
of PET-MRI fusion and DTI in mesial temporal sclerosis, 
tumors, various types of cortical dysplasia, and tuberous 
sclerosis complex (TSC) are discussed.

PET-MRI FUSION

PET is a well-established tool for presurgical evalua-
tion of epilepsy (6–9). The most commonly used tracers 
for epilepsy are 2-deoxy-2[18F] fluoro-D-glucose (FDG) 
and [11C] flumazenil (FMZ) (6–10). Other agents, such 
as [11C]methyl-L-tryptophan, can be used to define the 
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epileptogenic focus in TSC patients (11). One of the 
weaknesses of PET imaging is the poor delineation of 
the anatomical structures. Using the fusion technique, the 
functional information can be superimposed onto the 
precise anatomical landmark on MRI. This combined 
modality technique is useful and increases the sensitivity 
of neuroimaging in patients with epilepsy.

At some institutions, PET-MRI fusion is performed 
for all patients undergoing evaluation for epilepsy sur-
gery (12). At the University of California at Los Angeles 
(UCLA), axial DICOM images of the PET and MRI 
coronal MPRAGE are transferred into a postprocessing 
program (Vitrea Vital Image). The images are automati-
cally coregistered (Fusion-7-Mirada), and color coding 
is applied. Red indicates higher and blue indicates lower 
FDG metabolic regions.

DTI

DTI is an emerging MRI method that is potentially 
useful for uncovering subtle changes in the brain, but 
few studies have linked DTI changes with histopathol-
ogy in patients with epilepsy (13). Diffusion-weighted 
images can provide information on the molecular move-
ments in the microstructure, which is not visible by 
conventional T1- or T2-weighted MRI. There are two 

N
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factors that characterize the DTI phenomenon: dif-
fusivity and anisotropy. The mean diffusivity is often 
referred to as the apparent diffusion coefficient (ADC). 
Anisotropy decreases in random microstructures, such 
as the white matter of cortical dysplasia, and under TSC 
tubers. Eriksson et al (14) found decreased regional 
anisotropy in 9 of 11 patients with cortical dysplasia. 
In addition, decreased anisotropy was also found in 
the areas beyond the signal abnormality or in areas 
where conventional MRI T1 or T2 signal were normal. 
In animal studies, changes in DTI measurements have 
been associated with changes in myelin (15) and dur-
ing cortical development high anisotropy in neonates 
followed by rapid decreases have been attributed to 
dendrite growth (16).

MESIAL TEMPORAL SCLEROSIS

Hippocampal sclerosis is the most common type of mesial 
temporal lobe epilepsy amenable to surgery. In the recent 
literature (17), about 50% of patients with hippocampal 
sclerosis have dual pathology, with evidence of neocor-
tical microscopic cortical dysplasia in the postsurgical 
specimen. In MRI, these cases are shown as temporal 
lobe atrophy or subtle T2-weighted signal abnormality 
in the temporal lobe. Mitchell et al (18) found temporal 
pole T2-weighted high signal abnormality in 57% (31 of 
57 cases) of pediatric patients with hippocampal sclerosis. 
This suggests that the developmental cytoarchitecture is 
disorganized in many children with hippocampal sclero-
sis. These findings are easily picked up by FDG-PET study 
as an area of hypometabolism. (Figure 61-1).

Adachi et al. showed anterior temporal lobe hyper-
intense T2-weighted signal in 54 of 112 patients with 
temporal lobe epilepsy. Two cases had focal lesion in the 
contralateral side, but the electroencephalographic (EEG) 
seizure foci were seen in the same side as temporal pole 
signal abnormality (18).

DTI adds further structural imaging information 
in the otherwise normal-appearing gray or white mat-
ter regions. Extrahippocampal white matter abnormality 
was found in the genu of the corpus callosum and external 
capsule as decreased fractional anisotropy (FA) values in 
adults with mesial temporal sclerosis (19).

TUMORS

Approximately 80% of the tumors seen in patients 
with intractable epilepsy are in the temporal lobe 
(20). The common tumors include gangliogliomas, dys-
embryoplastic neuroepithelial tumors (DNT), pilocytic 
astrocytomas, oligodendrogliomas, and pleomorphic 
xanthoastrocytomas. These lesions can be associated 

with cortical dysplasia (21). One series showed that DNT 
was associated with focal cortical dysplasia (FCD) in 
83% (22). The identification of associated cortical dys-
plasia is important for preoperative evaluation, because 

FIGURE 61-1

Right mesial temporal sclerosis: the patient is a 16-year-old 
male; complex partial seizure started at age 9. (A) T2-weighted 
hyperintense signal in the right hippocampus; the right tem-
poral lobe is smaller than the left. (B) Larger area of hypo-
metabolism in PET.
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this tissue may need to be included in the surgical margin 
for good results.

In our series, FDG-PET-MRI fusion showed a larger 
area of hypometabolism in 50% of the patients with gan-
glioglioma compared with conventional imaging. These 
lesions are associated with type I cortical dysplasia, and 
the MRI showed very subtle T2W hyperintense signal in 
the neighboring tissues.

CORTICAL DYSPLASIA

Cortical dysplasia is a developmental anomaly charac-
terized by architectural and cellular abnormalities of the 
cortex. This anomaly is a significant cause of medically 
intractable pediatric epilepsy. Histopathologically, corti-
cal dysplasia is a spectrum of abnormalities that can be 
classified into (1) architectural dysplasia, containing cor-
tical dyslamination and heterotopic neurons in the white 
matter; (2) cytoarchitectural dysplasia, with features of 
architectural dysplasia in addition to giant neurons or 
cytomegalic neurons; (3) Taylor’s focal cortical dysplasia, 
with dysmorphic neurons without or with balloon cells, in 
addition to features of cytoarchitectural dysplasia (23–24). 
The Taylor-type focal cortical dysplasia is considered 
the most severe end of the spectrum of histopathologic 
abnormalities, and the presence of dysmorphic neurons 
is related to higher epileptogenicity (23). Palmini et al 
proposed a classification of cortical dysplasia (25). These 
different histological types of cortical dysplasia are asso-
ciated with varied surgical success (25, 27). In addition, 
conventional MRI is not sensitive enough to detect all 
types of cortical dysplasia (Table 61-1).

The degree of hypometabolism can correlate with the 
degree of dysplasia (28). PET-MRI fusion has been helpful 
to define the extent of the abnormality and correlates well 
with the preoperative electrocorticography. Because PET 
is very sensitive for the subtle type of cortical dysplasia, 
PET-MRI fusion is even more helpful (Figure 61-2).

TSC

Approximately 80% of patients with TSC have epilepsy (29). 
To achieve the best developmental outcome, early seizure 
control is critical (30). The subset of TSC children with 
normal development before the onset of seizures, with a 
single seizure type, and with late-onset partial seizures or 
transient infantile spasms, fared the best of all children 
with TSC, both in terms of seizure control and functional 
outcome (31).

For those children with TSC and drug-resistant epi-
lepsy, surgical resection of the epileptogenic tuber in a 
timely manner should be considered. Surgical resection is 
now considered a viable option at leading epilepsy centers, 

but the process of selecting the epileptogenic tuber among 
the many others is daunting. The multicentric nature of 
epilepsy in TSC has mostly prevented surgical consider-
ation until recent times. The earliest known case report of 
epilepsy surgery in TSC was reported in 1989 (32), with 
the first epilepsy surgery series in 1993 (33). Subsequent 
studies have suggested that early intervention and single-
tuber seizure focus lead to better seizure and functional 
outcome postsurgically (34).

Recent developments in multistaged, often bilateral, 
invasive monitoring have yielded promising results for 
some patients with TSC (35). However, by the nature of 
the invasive, multistaged, and bilateral monitoring, it is 
clear that these patients have already progressed to mul-
tifocal seizures from multiple different tubers. Thus, the 
ideal situation remains early surgery when medications 
fail, with noninvasive presurgical studies, and single-stage 
resection before secondary epileptogenesis occurs, for the 
best seizure and developmental outcome for children with 
TSC and epilepsy.

An ideal diagnostic method will not only identify but 
also localize the epileptogenic tuber for epilepsy surgery 
noninvasively, to allow for repeat studies to assess any 
change over time in the dynamic epileptogenic process.
PET scan utilizing alpha-[11C]methyl-l -tryptophan is 
reported to define the epileptogenic focus, but it is unfor-
tunately more specific rather than sensitive in selecting the 

TABLE 61-1
Various Types of Cortical Dysplasia

A. Mild MCD (formerly described as microdysgenesis 
 and not detectable by current MRI techniques)

Type I: ectopic neurons in or adjacent to layer I
Type II: microscopic neuronal heterotopias 
 outside layer I

B. FCD
FCD type I (non-Taylor) no dysmorphic neuron or 
 balloon cell and mostly temporal

Type IA isolated architectural abnormalities 
 (dyslamination plus mild MCD)
Type IB isolated architectural abnormalities plus 
 giant or immature, but not dysmorphic neurons 
 (cytoarchitectural dysplasia)

FCD type II (Taylor) mostly extratemporal

Type IIA: architectural abnormalities with 
 dysmorphic neurons without balloon cells
Type IIB: architectural abnormalities with 
 dysmorphic neurons with balloon cells
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epileptogenic tuber (11) and is not available at most cen-
ters. Ictal single-photon emission computed tomography 
(SPECT) can, in theory, identify the ictal zone, but it poses 
logistic challenges and offers limited spatial resolution. 
Lastly, because of the quick propagation potential of neo-
cortical epilepsy, seizures often appear nonlateralized on 
video-EEG.

The UCLA experience using FDG-PET and MRI 
fusion is shown in Figure 61-3. The epileptogenic tuber 
has a larger area of hypometabolism than the nonepi-
leptogenic tuber. DTI is another noninvasive tool that 
increases MRI sensitivity for subtle structural abnormali-
ties in the brain such as epileptogenic TSC tubers. Jansen 
et al. (36) used DWI methods and successfully localized 
the epileptogenic tuber in four children, identified as an 
increase in ADC values. The ability of DWI to provide 
data on increased ADC, as well as to estimate reductions 
in anisotropy the two parameters that are felt to be inde-
pendent (37), may theoretically improve the sensitivity 
and specificity of this neuroimaging technique.

CONCLUSION

Neuroimaging will continue to develop, with faster scan 
time and higher resolution, but these advances alone may 

FIGURE 61-2

Subtle cortical dysplasia. An 8-year-old male with intractable epilepsy. (A) Very subtle white matter hyperintensity in the right
temporal lobe. (B) FDG-PET shows clear hypometabolism in the area of suspicion.

FIGURE 61-3

Volume of PET hypometabolism and MR tubers between epi-
leptogenic vs. nonepiletogenic tubers.
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help identify epileptogenic structural lesions. Whatever 
modality is used, all imaging findings should be verified 
with pathology and electrophysiology to understand bet-
ter the pathophysiology of epileptogenic lesions.

not considerably increase the detection of otherwise cryp-
tic epileptogenic lesions such as subtle cortical dysplasia. 
Instead, combining various modalities, such as PET-MRI 
fusion, and utilizing new techniques, such as DTI, will 
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Surgical Treatment of 
Therapy-Resistant
Epilepsy in Children

s advocated by physicians and 
patient activist groups, the treat-
ment goal for patients with epi-
lepsy is to eliminate both seizures 

and adverse side effects of treatment (1). For young chil-
dren, an additional aim is to eliminate seizures quickly, at 
the youngest possible age, in order to optimize cognitive 
development and improve long-term behavior and qual-
ity of life (2). Although physicians concede that complete 
seizure control is not always possible for every child, it 
has become increasingly recognized that the difference in 
quality of life is so significantly better without seizures 
that this therapeutic objective should be as close to the 
standard of care as possible.

Epilepsy neurosurgery is an important clinical tool 
used in the treatment of patients whose epilepsy is resis-
tant to antiepileptic drugs (AEDs). Of historical note, 
epilepsy neurosurgery predates the discovery of electro-
encephalography (EEG) as well as most of the AEDs used 
today. For example, Victor Horsley, working with John 
Hughlings Jackson and David Ferrier, performed resec-
tive brain surgery in London in the 1880s (3). Wilder 
Penfield carried out his first temporal lobectomy around 
1928 (4, 5). By comparison, Hans Berger’s initial EEG 
studies were published in 1929 (6), Foerster and Alten-
burger reported the first electrocorticogram (ECoG) in 
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1934 (7), and Merritt and Putnam discovered phenytoin 
in 1938 (8). Thus, epilepsy neurosurgery is not a new 
treatment. What is relatively new to clinical neurology 
is the application of epilepsy neurosurgery for infants 
and children. With the introduction of continuous EEG 
video-telemetry and modern neuroimaging techniques, 
such as magnetic resonance imaging (MRI), [18F]2-
fluoro-2-deoxyglucose (FDG) positron emission tomog-
raphy (PET), and ictal single-photon emission computed 
tomography (SPECT), the late 1980s and early 1990s 
saw the development of multidisciplinary specialty groups 
involving pediatric neurologists, neurosurgeons, psychol-
ogists, and psychiatrists focused on the diagnosis and 
operative and nonoperative management of children with 
therapy-resistant epilepsy (9–12). While the initial clinical 
protocols mirrored those used by adult epilepsy surgery 
programs, what has evolved over the past 15 years is a 
unique conceptual approach to the surgical treatment of 
children with medically refractory epilepsy (13).

The purpose of this chapter is to highlight what 
constitutes the distinctive elements of epilepsy neurosur-
gery in children. Covered topics will include the goals of 
surgery for the developing brain, clinical characteristics 
of children undergoing surgery, special challenges related 
to operating on young children, outcomes and complica-
tions, and when the pediatrician and neurologist should 

A
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consider referral of therapy-resistant patients to a pedi-
atric specialty epilepsy center.

THERAPY-RESISTANT EPILEPSY: INCIDENCE 
AND NATURAL HISTORY

Population based epidemiology studies classify children 
with epilepsy into three general etiologic categories that 
are relevant in understanding which patients are likely 
to become therapy resistant (14–18). These categories 
include patients whose epilepsy is from suspected or con-
firmed genetic etiologies (termed idiopathic; e.g., absence 
seizures, rolandic epilepsy), and these account for about 
30% of new-onset cases. Seizures due to structural brain 
lesions (termed symptomatic; e.g., stroke, cortical dyspla-
sia) occur in around 20% of children, and seizures that 
have unknown or as yet unidentified etiologies (termed 
cryptogenic) constitute nearly 50% of new-onset pedi-
atric epilepsy cases. Seizure control with AEDs differs 
depending on the epilepsy etiology category. In the first 
two years of AED treatment, idiopathic pediatric epi-
lepsy patients can expect a 95% chance of near seizure 
control (less than 1 seizure per month), and the rate for 
cryptogenic cases is 90%. By comparison, children with 
symptomatic epilepsy, who are the most common sur-
gical candidates, can expect near seizure control with 
50% probability. The type of symptomatic substrate, 
as identified by neuroimaging, can also provide a guide 
to the probability of AEDs controlling seizures. Higher 
rates of seizure control were achieved with AED therapy 
in patients with epilepsy related to strokes and vascular 
malformations than in patients with low-grade tumors, 
cortical dysplasia, or hippocampal atrophy (19–21). In 
fact, a recent study found that all children with temporal 
lobe epilepsy and positive MRI scans showing lesions 
eventually become medically refractory over a follow-up 
of more than 10 years (22, 23). Hence, it is estimated 
that in a general pediatric neurology practice the number 
of new-onset epilepsy patients whose seizures will not 
be controlled with medications should be about 16% 
(expected etiologies times AED failure rate). Of those 
with therapy-resistant epilepsy, the ones that might be 
potential surgical candidates (i.e., symptomatic epilepsy) 
should be 9% to 10% of all new-onset epilepsy cases, 
or just over half of those with refractory epilepsy. Thus, 
most patients with new-onset epilepsy will be controlled 
by AEDs, but a small percentage will not. Population 
studies with follow-up intervals of nearly 40 years indi-
cate that children less than age 16 years with sympto-
matic epilepsy are the least likely to become seizure free 
as adults, generally do not complete higher education, 
and are unemployed (24, 25). In fact, the development 
of new AEDs has not substantially affected the rate of 
medical intractability (26). Hence, young children with 

symptomatic epilepsy are at greatest risk for not being 
controlled with currently available drugs and are the 
group that should be strongly considered for possible 
epilepsy neurosurgery.

Based on the clinical response to AED treatment, 
physicians can predict with relative confidence when a 
child is deemed “therapy-resistant.” Once a child has 
failed to reach seizure remission after 2 to 3 medications in
mono- or polytherapy, the probability that other drugs 
will stop seizures is less than 5%, and even less if that 
child has symptomatic epilepsy (26–28). In addition, 5% 
to 10% of cases with seizure control on AEDs have suffi-
ciently severe adverse side effects that parents discontinue 
or change to less effective medical therapy (29). Hence, 
therapy resistance does not mean failure of all AEDs, as 
that would take many years with all the available drugs. 
Instead, therapy resistance can be determined by response 
to a few medications and knowledge of the underlying 
substrate as determined by neuroimaging (20, 21, 23).

It is important to note that deciding who might be a 
surgical candidate is not always straightforward in chil-
dren with severe epilepsy. For example, children, espe-
cially infants, with unilateral hemispheric symptomatic 
substrates may present with what appear to be generalized 
clinical seizures, including infantile spasms and bihemi-
spheric EEG abnormalities (30, 31). This may confuse 
practicing physicians into thinking they are dealing with a 
nonoperative process when in fact the child is an excellent 
surgical candidate with a high chance of seizure control 
(Figure 62-1). Likewise, children may begin with focal 
epilepsy from a cortical abnormality that rapidly (some-
times within days) progresses to status epilepticus with 
minimal focal features (32). Analysis of video-EEGs in 
children indicates that ictal behavior is often less lateral-
izing in young children than in adults (33, 34). Similarly, 
children may present with focal EEG patterns and an 
apparent negative MRI (initially diagnosed as crypto-
genic), when in fact they harbor focal cortical patholo-
gies, converting them into symptomatic epilepsy that is 
surgically treatable. This is especially true for cortical 
dysplasia, which can be very difficult to identify in the 
young, rapidly growing brain because of cerebral cortical 
development and white matter myelination (Figure 62-2). 
Another clinical presentation, often unique to children, 
consists of those who have multiple lesions of which only 
one or two may be epileptogenic, as is often the case in 
children with multiple tubers from tuberous sclerosis com-
plex (35–37). Hence, pediatric patients with surgically 
treatable conditions can present with generalized seizures 
with focal pathologies, with focal pathologies and EEG 
with an apparent negative initial MRI, and with multiple 
lesions the removal of one or two of which could result 
in excellent seizure control. Such unique presentations 
should be considered in considering when to refer a child 
with therapy-resistant epilepsy to a specialty center.
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FIGURE 62-1

MRI scans of pediatric patients with different types of cortical 
dysplasia. Right side of patient for all figures is shown in panel 
A. (A) This 2.5-month-old began to have seizures shortly after 
birth, consisting of body twitches and eye deviation. Scalp 
EEG disclosed interictal abnormalities and ictal onsets over 
the left hemisphere corresponding to a region of hemimega-
lencephaly. Notice the enlarged left cerebral hemisphere with 
multiple areas of thickened cortex (arrows). Histopathology 
confirmed severe cortical dysplasia with cytomegalic neurons. 
(B) This 1-year-old began to have seizures within 2 weeks 
of birth that eventually progressed to infantile spasms, and 
EEG abnormalities were localized over the right cerebral 
hemisphere. MRI disclosed cortical abnormalities involving 
the right posterior temporal and occipital lobes (arrows) rep-
resenting multilobar disease. Histopathology after surgical 
resection confirmed severe cortical dysplasia without balloon 
cells. (C) This 6-month-old began to have seizures shortly after 
birth, there was motor asymmetry on examination with mild 
weakness of the right arm and hand, and seizures consisted 
of right greater than left tonic motor events. MRI revealed a 
focal region of cortical and subcortical abnormality involving 
the left frontal and parietal cortex (arrows). Histopathology 
confirmed severe cortical dysplasia with cytomegalic neurons 
and balloon cells. (D) This 7.5-year-old began to have seizures 
at age 4.8 years that involved focal motor onsets of the right 
body. MRI revealed a focal region of abnormality in the left 
frontal lobe with a “tail” extending from the cortex into the 
white matter (arrow). Histopathology confirmed severe corti-
cal dysplasia with balloon cells.

FIGURE 62-2

MRI scans of pediatric patients with difficult-to-diagnose 
regions of cortical dysplasia. Right side of both patients is 
shown in panel B. (A) This 8-year-old had a long history of 
refractory complex partial epilepsy and significant behavioral 
problems. He had previously attacked his family with a knife 
and tried to set the house on fire, and outside MRI scans had 
been read as “normal.” Scalp EEG showed bihemispheric 
abnormalities with more findings referrable to the right frontal 
and temporal regions. Notice the region of thickened cor-
tex in the right orbital frontal region (arrow). Histopathology 
showed severe cortical dysplasia with balloon cells. There was 
a 90�% decrease in seizures with surgery; however, he still 
has persistent, although less severe, behavioral problems at 
home and school. (B) This 3.5-year-old presented with new-
onset seizures that rapidly progressed over a few weeks into 
status epilepticus. She was hospitalized at an outside facility 
receiving pharmacologic therapy with two MRI scans read 
as “normal.” After transfer, EEG abnormalities were found 
mostly in the left central-parietal region. Re-review of the 
MRI scans disclosed an area of thickened cortex at the pos-
terior margin of the Sylvian fissure. Histopathology confirmed
mild cortical dysplasia, and the child has been seizure free 
since surgery.

RISKS OF THERAPY-RESISTANT 
EPILEPSY IN CHILDREN

Severe developmental delay or regression and increased 
seizure-related mortality are the major recognized risks 
of therapy-resistant epilepsy in children (38, 39). Clinical 
studies indicate that there are at least five independent 
factors that are associated with developmental delay and 
lower IQ scores in children with early-onset epilepsy. 
These are (1) seizure type; (2) age at seizure onset; (3) sei-
zure frequency; (4) seizure duration; and (5) number of 
AEDs. Children with generalized symptomatic epilepsy 
(e.g., infantile spasms) and partial seizures originating 
from one or two lobes of the brain are more likely to have 
significantly lower IQ scores (�2 standard deviations 
of the mean) than those with idiopathic epilepsy (e.g., 
absence, rolandic). Likewise, children whose epilepsy 
begins before age 1 year, have daily or greater seizure 
frequency, have uncontrolled seizures for more than 
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2 years, and use more than three AEDs are at increased 
risk for developing epilepsy-induced encephalopathy 
(39, 40). Epilepsy-induced encephalopathy is irrevers-
ible, and there is consensus among specialists that early 
therapeutic intervention, such as resective neurosurgery, 
is especially critical in infants and young children to pre-
vent catastrophic developmental regression (2, 41). There 
is emerging clinical data in surgical cohorts that early 
surgery is associated with better cognitive outcomes (38, 
42–46). Even adolescents with therapy-resistant epilepsy 
are less likely to finish high school, find employment, get 
married, and be productive citizens than are seizure-free 
patients (24).

Another important consideration in deciding the 
timing for epilepsy surgery in children is developmental 
cerebral cortical plasticity. The developing human brain is 
capable of significant reorganization of neurologic func-
tion, including language and motor skills, after insult and 
surgery (47–50). In most children, developmental cerebral 
cortical plasticity may reduce the anticipated neurologic 
deficits following resective surgery, but it should be noted 
that the amount of plasticity cannot be predicted before 
surgery (51).

Therapy-resistant epilepsy in children is also asso-
ciated with significant seizure-related mortality. There 
is a higher than expected death rate in children with 
therapy-resistant epilepsy, with a risk of dying that is 
more than five times greater than that of the general pop-
ulation in the first 15 to 20 years after diagnosis (52, 53). 
Clinical trials in therapy-resistant cases indicate that the 
rate of death from seizures is conservatively 0.5% per 
patient year (1 in 200), and this risk accumulates over 
time (54). The causes of death related to seizures include 
status epilepticus, aspiration pneumonia, drowning, falls, 
or sudden unexplained deaths due to epilepsy (SUDEP). 
It is the poor natural history of therapy-resistant epilepsy 
in children, with increased cognitive morbidity and mor-
tality, that prompts physicians and parents to consider 
alternate therapies, including epilepsy neurosurgery. In 
addition, the risks of surgery should be weighed against 
the risk of cognitive problems and seizure-related mortal-
ity in deciding surgical candidacy.

WHEN TO REFER CHILDREN FOR AN 
EPILEPSY SURGERY EVALUATION

Expert consensus recommends that children with 
therapy-resistant seizures or disabling medication side 
effects should be referred to a pediatric epilepsy center 
that includes surgery as one of the therapeutic options (2). 
The purpose of the referral is to evaluate children to 
be sure they have a correct epilepsy diagnosis, and con-
sider optional therapies in an attempt to stop refractory 
epilepsy. Thus, not all children referred to a pediatric 

epilepsy center end up with surgery. Changes in medical 
management, after a through diagnostic evaluation, can 
often control seizures, and children are returned to their 
community physicians (37). Likewise, alternate nonsur-
gical options can be considered, such as the ketogenic 
diet (55).

The timing of the referral to a pediatric center is 
important for children, especially infants who are at 
greatest risk of epilepsy-induced encephalopathy. It is 
recommended that children with uncontrolled seizures 
or infantile spasms under age 2 years should be promptly 
referred to a specialty center regardless of MRI find-
ings (2). An MRI showing a lesion in any child, regard-
less of seizure control with AEDs, should also be referred 
to a pediatric epilepsy center, as these substrates often 
become therapy-resistant, or the lesion itself should be 
closely followed for signs of progression (56). Also, focal 
epilepsy in childhood can be from low-incidence etiologies 
that should be referred to a specialty center with experience 
in these pathologies. These etiologies may include children 
with hemimegalencephaly (57), Rasmussen syndrome (58), 
Sturge-Weber syndrome (59), tuberous sclerosis complex 
(35, 36), Landau-Kleffner syndrome, hypothalamic ham-
artomas (60), and polymicrogyria (57, 59–62).

The evaluation of prospective pediatric epilepsy sur-
gery candidates involves EEG, structural and functional 
imaging, and appropriate psychologic and psychiatric 
evaluations (63, 64). EEG studies include interictal and 
ictal scalp and video recordings to capture seizures and 
their behaviors. MRI with specific epilepsy protocols is 
recommended as the primary imaging modality to identify 
subtle cortical abnormalities not appreciated on routine 
MRI scans (see Figure 62-2). The MRI sequences may 
include diffusion tensor imaging (DTI) and thin slices 
using spoiled gradient recalled (SPGR) sequences or sur-
face coils to capture small cortical defects (56). Other MRI 
sequences may be required in the first two years of life 
because of immature myelination, and serial scans may be 
necessary to identify abnormalities during early postnatal 
brain development when the clinical team suspects a local-
ized pathologic substrate on the basis of seizure semiology 
and EEG characteristics. Functional imaging studies may 
include ictal and interictal SPECT, FDG-PET, and magne-
toencephalography (MEG) (37, 65–68). Age-appropriate 
neuropsychologic/developmental assessments are another 
important aspect of the pre- and post-surgery evaluation 
(38, 69). In approximately 25% to 30% of children the 
seizures cannot be adequately localized with noninvasive 
studies, and they undergo intracranial electrode place-
ment (grid or depth studies) for ictal seizure localization 
prior to resection (70).

Not all procedures are necessary for all children, 
and the decision on the elements of the presurgery evalu-
ation will vary by patient based on age and clinical 
syndrome. The main criteria for assessing the child with 
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therapy-resistant epilepsy will be a risk/benefit analysis 
in which the risks of progressive cognitive delay and 
death from the seizures is weighed against the prob-
ability of seizure control with resection of brain tissue 
(benefit) and any probable neurologic deficits resulting 
from surgery (risk). Those judgments involve input from 
all members of the specialty epilepsy clinical team (sur-
geons and nonsurgeons) in carefully detailed discussions 
with the child and family. Thus, there are no set para-
digms in deciding who is an epilepsy surgery candidate, 
and the risk-benefit ratio will vary from one family to 
another. Also, the presurgery evaluation is expected to 
change as new technologies and methods are introduced 
and validated in pediatric patients (1, 67). Postsurgery 
evaluations should include structural MRI scans and 
neuropsychologic, psychiatric, and behavioral assess-
ments, along with physical, occupational, and speech 
therapy. It is recommended that children continue to be 
followed at the pediatric epilepsy center for as long as 
necessary to assess and treat these children with chronic 
conditions even if their seizures are controlled (2).

CLINICAL CHARACTERISTICS OF PEDIATRIC 
EPILEPSY NEUROSURGERY PATIENTS

To repeat, the goals of surgical treatment are the same 
as those of medical therapy. They are to stop seizures 
with minimal or no additional serious neurologic side 
effects so that the developing brain can reach its great-
est cognitive potential (2). This is especially relevant 
for pediatric epilepsy surgery in that 45% to 50% of 
children undergoing surgery have their first seizure 
before age 1 year (70) and thus are at significant risk 
of epileptic encephalopathy (71). The best chance for 
stopping symptomatic therapy-resistant epilepsy is with 
resective neurosurgery. The optimal surgical candidates 
are those individuals in whom the seizures arise from 
portions of the brain that are already severely dam-
aged or nonfunctional such that the resulting neurologic 
outcome is likely to be no worse than their currently 
existing medical condition. However, in some children 
the epilepsy can be so early in life and unrelenting that 
large resections, such as hemispherectomy, with accom-
panying physical neurologic deficits may be necessary in 
order to prevent severe cognitive developmental delay. 
This is especially true for children with hemispheric 
cortical dysplasia and hemimegalencephaly with infan-
tile spasms, and slightly older children with Rasmussen 
syndrome.

The clinical characteristics of the symptomatic 
etiologies in pediatric patients are different from those 
in adults (Table 62-1). In a recent International League 
Against Epilepsy (ILAE)-sponsored survey of 20 pediatric 
epilepsy surgery centers from Europe, North America, 

and Australia (70), the most common pathologic find-
ing in over 40% of pediatric surgical patients was corti-
cal dysplasia. This pathology consists, at a minimum, 
of cortical dyslamination and columnar disorganization 
that is nearly always coupled with excessive, heterotopic 
neurons in the subcortical white matter (72, 73). Corti-
cal dysplasia can be mild or severe; in the latter case the 
tissue contains abnormal, cytomegalic neurons and bal-
loon cells. As shown by MRI, cortical dysplasia can be 
hemispheric, multilobar, or lobar/focal (see Figures 62-1 
and 62-2), with lobar/focal dysplasia in the frontal and 
temporal lobes the most common (74). Larger areas of 
cortical dysplasia are associated with younger ages at 
seizure onset and surgery (75).

The next most frequent etiologies in pediatric epi-
lepsy surgery patients are low-grade tumors (76), and 
these typically consist of gangliogliomas and dysembryo-
plastic neuroepithelial tumors (DNETs) in over half the 
cases (Figure 62-3). Other relatively common etiologies 
in pediatric epilepsy surgery patients include atrophic 
pathologies from stroke, infections, and cerebral trauma, 
hippocampal sclerosis, and patients with tuberous sclero-
sis complex (Figures 62-3 through 62-5). Hypothalamic 
hamartomas, Sturge-Weber, Rasmussen syndrome, and 
vascular lesions are less frequently found pathologies in 
pediatric epilepsy surgery patients.

In hypothalamic hamartomas, surgical treatment 
with or without endoscopy leads to favorable results 
when performed as soon as possible after the diagnosis 
of therapy-resistant epilepsy has been established (77). 
Such a precocious approach is recommended in order 
to avoid the devastating influence that continuous 

TABLE 62-1
Incidence of Symptomatic Substrates in Pediatric 

Epilepsy Surgery

ETIOLOGY PERCENT OF CASES

Cortical dysplasia 42%
Tumor 19%
Infection/stroke/trauma 10%
Hippocampal sclerosis 6%
Tuberous sclerosis complex 5%
Hypothalamic hamartoma 4%
Sturge-Weber syndrome 3%
Rasmussen syndrome 3%
Vascular lesions 1%
Other (gliosis, rarer  7%
 pathology, normal)

ILAE Pediatric Sub-Commission survey of 20 centers in 
Europe, Australia, and North America for 2004, patients aged less 
than 18 years (n 	 543 patients). From Harvey et al, 2005 (70).



VI • EPILEPSY SURGERY AND VAGUS NERVE STIMULATION796

epileptic activity exerts on the developing nervous sys-
tem. Nonsurgical techniques (such as Gamma Knife, 
radiofrequency thermocoagulation, or interstitial 
radiosurgery), have also been proposed in order to 
avoid surgery-related complications such as hemiplegia, 
third cranial nerve palsy, visual field deficit, and central 
insipid diabetes (62, 78, 79).

Types of epilepsy neurosurgical procedures also are 
quite varied in pediatric patients (Table 62-2). In the 2004 
ILAE survey, 81% of operative cases were resective surger-
ies involving removing portions of the brain for seizure 
control, compared with 19% for palliative operations 
(vagal nerve stimulators and corpus callosotomy) (80–83). 
Of the resective cases, lobar and focal resections were the 

most common (48%), and the regions most fequently 
involved with pathology were the temporal (23%) and 
frontal (17%) lobes. In other words, in children undergo-
ing epilepsy neurosurgery, 70% of cases involve extratem-
poral resection, which is a much higher proportion than 
typically observed in adult epilepsy surgery cohorts (84). 
Hemispherectomy was the second most common resective 

FIGURE 62-3

MRI examples of other frequently found symptomatic sub-
strates associated with surgically treated pediatric epilepsy 
cases. (A, B) This 15-year-old began to have complex partial 
seizures at age 10 years. MRI disclosed a contrast-enhancing 
mass lesion in the inferior left temporal pole (A, arrow). Exam-
ination of the fresh surgical specimen (B) showed a cystic hard 
mass that was shown by histopathology to be a ganglioglioma. 
(C) This 2-year-old presented with new-onset seizures from 
herpes encephalitis at age 9 months that destroyed most of 
the right cerebral hemisphere (arrows). Seizures were daily 
before hemispherectomy, which stopped all events. (D) This 
12-year-old had a prolonged complex febrile convulsion at 
9 months of age. She remained seizure free until age 6 years, 
when she developed complex partial epilepsy consisting of 
staring and lip smacking. MRI revealed signal change in the 
left hippocampus, and hippocampal sclerosis was established 
at histopathology.

FIGURE 62-4

MRI examples of other less frequent symptomatic substrates 
associated with surgically treated pediatric epilepsy cases. 
(A) This 2.5-year-old presented at 7 months of age with infan-
tile spasms from multiple tubers associated with tuberous 
sclerosis complex (arrows). Removal of the left frontal tuber 
has controlled all seizures for over 3 years. (B) This 14.5-
year-old began to have seizures at age 3 years. Despite failing 
many different AEDs, he never had an MRI scan until age 
14 years, when a cystic mass was found in the right posterior 
temporal region that included cortical changes into the white 
matter (arrows). The lesion did not enhance with contrast. 
Histopathology showed signs of old hemorrhage without evi-
dence of tumor or arteriovenous malformation (AVM), most 
suggestive of an atypical cavernous angioma. (C, D) This 
5-year-old began to have seizures 9 months earlier that within 
weeks evolved to constant motor clonus of the left face and 
hand. MRI within two weeks of seizure onset showed fluid-
attenuated inversion recovery (FLAIR) changes in the right 
perisylvian region (arrow in C), and this region enlarged 
two months later (arrow in D). Clinical presentation and 
histopathology were most consistent with Rasmussen syn-
drome (58). This child is seizure free 2 years after cerebral 
hemispherectomy.
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surgical procedure, followed by multilobar resections (85). 
In order to decrease complication rates, newer surgical 
procedures are designed to reduce the volume of brain 
removal and increase the ratio of disconnection to resec-
tion. Such techniques reduce the size of the skin incision 
and bone flap, which offers the advantages of preventing 
excessive blood loss and avoiding the exposure of large 
venous sinuses. This concept, for example, has replaced 
the term hemispherectomy with hemispherotomy.

The age at surgery was associated with differences in 
type of etiology and surgical procedures. Children under 
age 4 years at the time of surgery are more likely to have 

hemispherectomy or multilobar cortical resections (50% 
of all procedures) for cortical dysplasia (60% of all etiolo-
gies), and children had daily or greater seizure frequency. 
From ages 4 to 12 years the more likely operative pro-
cedure would be a focal resection (50%) for cortical 
dysplasia and tumors (60%), and children would have 
daily or slightly less frequent seizures. From ages 12 to 
18 years the operative procedure will most likely be a 
focal resection (60%) for cortical dysplasia, tumors, or 
hippocampal sclerosis (67%), and seizure frequency will 
be several per week. Palliative procedures, such as vagal 
nerve stimulators and corpus callosotomy, are evenly dis-
tributed by age at surgery.

SPECIAL OPERATIVE CONSIDERATIONS 
IN CHILDREN

Neurosurgical procedures can pose special challenges for 
smaller children, and this is especially true for epilepsy 
surgery, where younger cases undergo larger cortical 
resections, which are associated with significant peri-
operative blood loss relative to total vascular volume 
(85–89). In children, brain weight is proportionally larger 
compared to body volume than in adults (90, 91). At age 
2 years, for example, the brain is approximately 70% 
of its adult size, whereas body weight is about 12%. 
At 10 years of age brain weight is 95% of adult value, 
but body weight is 50%. Infants weigh 6 to 10 kg at 6 
months and 8 to 12 kg by 1 year. Estimated total blood 
volume (at 75 mL/kg) is 450 to 750 mL at 6 months and 
600 to 900 mL at 1 year. By comparison, 10-year-olds 
weigh 23 to 51 kg, and estimated blood volumes range 
from 1,700 to 3,800 mL. Expected blood loss varies by 
operation and generally ranges from 200 to 500 mL for 
a focal or lobar resection, and 1,500 mL or more for 
anatomic hemispherectomy. Thus, in a 6-month-old, even 
relatively small epilepsy surgery procedures can result in 
blood loss equal to half or more of total blood volume, 
and larger operations, such as anatomic hemispherec-
tomy, will involve more than a total body transfusion of 
red cells. Moreover, blood loss and other complications 
appear to be more common in cases of hemimegalen-
cephaly, where the cortex is very vascular and dysmature 
(44, 92, 93). Anticipating these operative and postsurgery 
problems requires a dedicated surgical team that includes 
neuroanesthesiologists and pediatric intensive care physi-
cians who proactively treat problems before they occur, 
have adequate vascular access, monitor for ongoing blood 
loss during surgery, and have a surgical approach that 
minimizes operative blood loss (85).

Waiting for the child to grow larger before per-
forming epilepsy neurosurgery does not reduce operative 
risks over the first 3 years of life, and significantly 

FIGURE 62-5

Examples of less frequently encountered pathologies in chil-
dren. (A) This child had refractory epilepsy with develop-
mental delay. Evaluation at an outside hospital found EEG 
evidence of ictal onsets in the left temporal region, and a left 
temporal lobectomy was performed. Seizure persisted from 
the hypothalamic hamartoma (arrow) successfully treated 
with an endoscopic approach. (B) This child presented with a 
portwine stain over the forehead. MRI with contrast discloses 
the typical enhancement pattern seen with Sturge-Weber, 
which was treated by hemispherectomy.

TABLE 62-2
Types of Surgery in Pediatric Epilepsy

TYPE OF SURGERY PERCENT

Lobar/focal resections 48%
Hemispherectomy 16%
Multilobar resections 13%
Vagal nerve stimulator implants 16%
Corpus callosotomy 3%
Other: multiple subpial transections  4%
 (MST), grids no resection, etc.

ILAE Pediatric Sub-Commission survey of 20 centers in 
Europe, Australia, and North America for 2004, patients aged less 
than 18 years (n 	 543 patients). From Harvey et al, 2005 (70).
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older techniques (96). The operative mortality with newer 
hemispherectomy techniques is under 1%. The reported 
risk of permanent surgical morbidity varies by type of 
surgery from 1.1% for temporal lobe surgery to about 
5% for frontal lobe resections (26). For temporal lobe 
epilepsy surgery, the major serious complication is infarct 
and possible hemiparesis. For frontal lobe resections, 
corpus callosotomy, and multiple subpial resections, 
the major serious complications are increased motor or 
language deficits. Of interest, patients rendered seizure 
free postsurgery have a risk of epilepsy-related mortal-
ity comparable to that of patients who are seizure free 
with AEDs alone (103, 104). Thus, in correctly identified 
pediatric patients, the operative morbidity and mortality 
is less than the risks associated with the natural history 
of therapy-resistant epilepsy.

CONCLUSIONS

Epilepsy neurosurgery has a very important role in the 
treatment of therapy-resistant epilepsy, especially for 
the young developing brain at risk for seizure induced 
encephalopathy. The goal of surgical treatment for pedi-
atric patients is to stop seizures as quickly as possible 
with minimal or acceptable side effects and to optimize 
cognitive development leading to improved behavior 
and quality of life. Rational decisions regarding epilepsy 
surgery in children involve a benefit-and-risk assess-
ment of all treatment alternatives with parents so that 
they can reach an informed decision. That discussion 
and decision are best performed at a specialty pediat-
ric epilepsy surgery center with the input of a team of 
pediatric neurologists and surgeon. Surgery is medically 
justified because children with refractory seizures have 
an increased risk of serious neurologic morbidity and 
mortality related to their epilepsy. Generally, the most 
refractory cases are those patients with symptomatic 
substrates, and they are often excellent surgical candi-
dates. Seizure control can be expected in 60% to 70% of 
patients postsurgery and varies by operative technique 
and whether the goal of surgery was palliative or cura-
tive. Operative morbidity and mortality are generally 
under 5%, which is less than the mortality expected 
from 10 years of therapy-resistant epilepsy. There are 
no age restrictions for epilepsy surgery, nor is epilepsy 
surgery restricted to a single epilepsy syndrome or type 
of operation (105, 106).
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increases the probability for poorer cognitive outcomes. 
Two-year-olds weigh 10 to 15 kg, whereas 3-year-olds 
from 11.5 to 17.8 kg with calculated vascular volumes 
of 750 to 1,100 mL for 2-year-olds and 860 to 1,300 mL 
for 3-year-olds. Thus, hemispherectomy and other larger 
neurosurgical operations, where blood loss is expected 
to range from 500 to 1,000 mL with newer disconnec-
tion procedures, is still associated with possible operative 
blood transfusion in young children, especially in those 
with large cortical dysplasia and hemimegalencephaly. 
In other words, the risk of surgery is not significantly 
reduced in a 2- or 3-year-old compared with an infant. 
Hence, although operating in young children is riskier 
than in adolescents and adults, the increased operative 
risks are justified in order to prevent permanent epilepsy-
related cognitive and developmental deficits.

OUTCOME

Depending on the type of surgery and etiology, resective 
neurosurgery is expected to achieve seizure remission (no 
seizures) in 60% to 80% of pediatric cases in the first 
two years after surgery (94–96). This exceeds the 5% 
or less chance of seizure remission with AED therapies 
(26, 84, 97, 98). Postsurgery seizure remission is higher 
in those children with localized lesions and pathologies 
requiring focal or lobar resections than those with mul-
tilobar resections and more diffuse pathologies such as 
hemimegencephaly (9, 45). Analysis of the pediatric epi-
lepsy surgery data base from the University of California, 
Los Angeles (UCLA), for example, found that 73% of 
children were seizure free after hemispherectomy com-
pared with 65% after multilobar resections (99). So 
far, there is currently no evidence that seizure control is 
influenced by duration of seizures before surgery. How-
ever, developmental outcomes do appear to be influenced 
by duration of epilepsy prior to surgery (100). Children 
that achieve seizures control through surgery with less 
than 2 years of seizure duration have higher develop-
mental quotients than those with seizure durations over 
2 years (44, 45). What is unclear is the impact of epilepsy 
surgery on quality of life and altering abnormal behav-
iors, which will require further study in pediatric epilepsy 
surgery patients (101, 102).

OPERATIVE COMPLICATIONS

Resective neurosurgery is not without possible compli-
cations, but the risk from operative therapy is generally 
less than from long-term uncontrolled epilepsy. Reported 
operative mortality varies from 0.24% for temporal lobe 
surgery to 2.5% for hemispherectomy performed using 
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Outcome of Epilepsy 
Surgery in Childhood

he primary aim of epilepsy surgery 
is relief from seizures, and there are 
various parameters that may predict 
the likelihood of seizure freedom. In 

addition, there are various secondary aims that need to 
be considered in order to outline realistic expectations 
to the family. This is particularly relevant in children, 
where the range of abilities and behavioral phenotypes 
of those coming to surgery is wide. In the past, predic-
tions of outcome were based on adult series, but there 
is now a growing literature of outcome in children that 
can be referred to. As longitudinal data become avail-
able, outcome can be measured in both the short and 
the long term.

COMPLICATIONS OF SURGERY

As a result of advances in neuroimaging, neurosurgical 
techniques, and neuroanaesthesia, surgical morbidity has 
been reduced. Nonetheless, no surgical procedure can be 
carried out without risk, and this truth needs to be clearly 
communicated to patients and or their families as part of 
the consent process. Complications (1–5) may occur in 
the perioperative period (within 30 days of the procedure) 
or may be delayed. Intraoperative problems (2–5) may 

Shekhar Patil
J. Helen Cross
William Harkness

include excessive blood loss, derangement of clotting, 
fluid and electrolyte imbalance, and resultant neuro-
logic deficits. Postoperatively there may be CSF leakage, 
subdural or intracerebral hemorrhage, hydrocephalus, 
wound and bone infection, and meningitis (chemical or 
bacterial). Hydrocephalus may occur as either an early 
or a late complication of hemispherectomy. In our expe-
rience, however, this has been seen in only 9% of our 
own series of 91 children (unpublished data) 6 weeks to 
6 months following surgery.

Risk of infection, hematoma formation, or cere-
bral edema may increase with the insertion of subdural 
grids (6, 7) or depth electrodes for seizure localization. 
The rate of infection ranges between 10% and 12%, 
depending on the series, and the rate of hemorrhage 
between 3% and 10%. In the series by Onal (6) et al, 8 
out of 35 children implanted developed a hemorrhage, 
either a subdural or an intracerebral hemorrhage, 
removed where necessary at the time of explantation 
of the grid. Five of the hematomas were evacuated, and 
the rest managed conservatively. They highlight the 
fact that occurrence of hematomas is directly proportional 
to the size of the grid and the extent of the bone flap and 
the importance in avoiding venous compression by the 
edges of the grid. Also of note is the delayed occurrence 
of subdural hematomas.

T
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SEIZURE OUTCOME

The primary aim of resective surgery for intractable epi-
lepsy is to achieve seizure freedom. Seizure outcome is 
related to a number of factors including pathologic sub-
strate, the extent of that substrate and the completeness 
of its resection, and the type of procedure performed. 
Factors that have usually been attributed to a poor out-
come are a longer duration of epilepsy, normal pathology 
on histologic evaluation, male sex, an extra temporal 
focus, and incomplete resection. It is likely, however, 
that it is the completeness of resection (8–10), whether 
structurally or electrically defined, that is the most impor-
tant factor for determining whether a child will become 
seizure free.

In 2001 the first randomized controlled trial in 
adults (11) conclusively proved the benefit of epilepsy 
surgery in temporal lobe epilepsy compared to anti-
epileptic therapy. Adult studies have demonstrated the 
greater likelihood of seizure freedom following temporal 
as opposed to extratemporal resection. Similar results 
have been demonstrated in pediatric series, although, as 
yet, no randomized study has taken place (12–14). The 
seizure-free outcome for temporal lobectomy varies from 
60% to 78% depending on the series and the spectrum of 
operated population (15–32). Foreign tissue lesions may 
be more common in series with predominantly young 
patients nearing 5 years of age, whereas hippocampal 
sclerosis is more common in older populations. Overall, 
the presence of unilateral EEG abnormalities, extent of 
resection, and presence of imaging abnormalities predict 
a good outcome, whereas bilateral or multifocal epilep-
tiform discharges, incomplete resection, and possibly 
selective resection of mesial temporal structures predict 
a poor outcome.

A series of children undergoing temporal lobe resec-
tion for hippocampal sclerosis revealed similar outcome 
in those under 12 years of age as in adults, although adult 
criteria were used for surgical selection (33). A wider series 
of children with higher degrees of comorbidities appeared 
to have a lesser chance of seizure freedom (34). Such has 
previously been attributable to dual pathology, with similar 
predictors of outcome as seen in adults (antecedent pro-
longed febrile convulsion, normal IQ), In a more recent 
series, however, reviewing the outcome in children under-
going temporal lobectomy for a primary diagnosis of hip-
pocampal sclerosis showing a seizure-free rate of 58%, 
good seizure outcome was unrelated to the preoperative 
IQ, but predicted by history of febrile status and absence 
of additional MRI with or without histopathologic abnor-
malities (32). Low IQ should therefore not be an exclusion 
criterion for epilepsy surgery (35–37). Other series of a 
wider range of procedures have agreed with this.

Another group that is being increasingly seen in epi-
lepsy centers consists of children with dual pathology; for 

instance, mesial temporal sclerosis in addition to cortical 
dysplasia or other developmental pathologies within the 
temporal lobe. From 5% to 30% of patients with tempo-
ral lobe epilepsy are reported as having dual pathology 
(38–41), tending to be more frequent in children (33, 
41). Surgery in this population has similar results as in 
individuals with typical temporal lobe epilepsy, provided 
that there is complete resection of the hippocampus and 
the second pathology.

Extratemporal resections account for a greater pro-
portion of resectional surgeries performed in children than 
in adults. As the outcome of such resections is considered 
to be poorer, it could be assumed that the global outcome 
in children would be less favorable than in adults. This 
is well depicted by the study of Fish et al (42), with good 
outcome in 29% of children and adolescents following 
frontal lobe resection, compared to 59% with temporal 
lobe resection. Pediatric series have reported outcome 
from frontal lobe resections comparable to the adult 
series. The difference in outcomes between frontal lobe 
and temporal lobe resections tends to be multifactorial 
and is probably reflected by poorly defined localization 
of the epileptogenic zone, the possibility of incomplete 
or limited resection because of the proximity the elo-
quent cortices, and involvement of insular cortex less 
amenable to resective surgery. With the increasing use of 
intracranial grids as a part of presurgical evaluation, the 
rates for seizure freedom are showing an improving trend 
but, as yet, remain lower than the outcomes in temporal 
lobe surgery. Even with similar pathology, patients with 
frontal lobe resections for cortical dysplasia (43–47) tend 
to have a poor outcome in comparison to other resec-
tions. There is also variability according to the grade 
of cortical dysplasia. Some studies report that children 
with Taylor-type dysplasia have better outcomes (48), 
approaching 75% seizure freedom at one-year follow 
up, as opposed to 45–50% for other types of dysplasia, 
and even within this group of Taylor-type dysplasia those 
with balloon cells tend to do better than the nonballoon 
type of dysplasia (49). Others report a better outcome for 
mild or type I cortical dysplasia (50). However, although 
the short term outcome (51–54) is reasonably good, the 
longer-term (53) view may be quite different.

Apparent seizure outcome may relate to the time 
elapsed following surgery prior to evaluation. The 
occurrence of seizures in the acute postoperative period 
in children undergoing extra temporal resections and 
hemispherectomy is considered to be a poor prognostic 
sign, with eventual poor seizure outcome at 24 months 
(55–57). However, most studies report a very good short-
term outcome in the first year. This initial advantage 
gradually fades with time, with cumulative relapses of 
around 25% (28). In fact, in the latter study (28), the only 
predictor of a poor outcome was the latency to remis-
sion after surgery. A further study (58) puts the outcome 
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at the first follow-up at the end of one year following 
surgery as a reliable indicator of a long-term outcome, 
meaning that a good outcome at the first follow-up usu-
ally translates to eventual better outcome in the longer 
term with very few relapses, but of note was the group 
of 93% undergoing temporal resections versus 7% with 
extratemporal resections in their cohort of 399 patients. 
A study (59) by Mathern et al compared a group of 64 
children with cortical dysplasia and 71 children with 
other etiologies such as infection and ischemic etiology 
to a group of 34 children with temporal lobe resections. 
At early follow-up, the seizure control in all the groups 
was equal, but in the long term, at 5 years the children 
with cortical dysplasia had deteriorated. In another long 
term review (53), at 10 years seizure freedom was seen 
in 72% children with developmental tumors and 32% 
of children with cortical dysplasia, although outcome at 
two years was indicative of outcome at 10 years.

Parietal and occipital lobe resections have not been 
reported in large numbers, in contrast to temporal and fron-
tal lobe (60–65). The seizure outcome in occipital epilepsy is 
related to the pathology, with poor outcome in the develop-
mental malformation group. Identification of a clear demar-
cation of the epileptogenic zone, presence of a localized 
lesion on MRI, an acquired pathology, and concordance 
of investigations carried as part of the presurgical evalua-
tion are positive predictors of a good surgical outcome in 
occipital lobe epilepsy. Most of the series have studied small 
populations, but in a large series (65) of 81 patients concen-
trating on posterior epilepsies, the only predictors of good 
outcome were shorter duration of epilepsy and a normal 
neurologic examination prior to surgery. All the studies 
document an overall benefit of surgery over antiepilep-
tic drug (AED) therapy. Comparative data of series (66) 
with a long-term follow-up show excellent outcome for 
temporal lobe resections, followed by posterior epilepsies, 
whereas median long-term seizure freedom in frontal lobe 
epilepsies was only 27%.

An important consideration is for children with pos-
sible multifocal disease such as tuberous sclerosis. These 
children tend to have a good outcome if the preoperative 
evaluation localizes a single tuber or area to be epilepto-
genic; resection may then alleviate the epilepsy, sometimes 
with seizure freedom (67, 68). Similar good results have 
been seen of late with multistage procedures and non-
localizing scalp EEG; however, the long-term outcome 
of such procedures has not been evaluated (69). In the 
only study (70) of long-term follow-up in 22 postsurgical 
patients of TS followed for 1–14 years, the predictors of 
favorable outcome were localized and unifocal ictal onset 
with normal development.

In children undergoing hemispherectomy (71–78), 
the outcome is related to the completeness of disconnection 
and the pathology of the substrate. Children with devel-
opmental malformations such as hemimegalencephaly 

and extensive or hemicortical dysplasia have lower rates of 
seizure freedom, varying between 37% and 58%, as com-
pared to children with acquired pathologies such as Ras-
mussen encephalitis and vascular pathologies, who tend 
to have a good outcome, with seizure-free rates between 
67% and 88%. Series with older children have reported 
a greater proportion of those with acquired pathologies 
and show a good overall outcome, whereas series with 
young children, especially infants with early-onset epi-
lepsy, appear to have more developmental malformations 
and less seizure freedom.

A question often asked by parents preoperatively is 
the likelihood of surgery allowing the drugs to be either 
reduced or stopped. There is little data on this aspect of 
care; however, from adult studies, a seizure recurrence is 
quoted in nearly a third of patients at the end of five years 
following complete withdrawal of AEDs (79, 80). The 
risk of relapse in the study by Schiller et al (79) was higher 
in face of a normal imaging. In another mixed adult and 
pediatric cohort of 396 postsurgical patients (81), the risk 
for seizure recurrence in patients who discontinue AED 
was not different from the risk in those who continue to 
take the drugs. Data in children are sparse (82, 83), but 
suggest that although there are predictive factors with 
regard to seizure freedom, reduction or withdrawal of 
anticonvulsants cannot be guaranteed, and such infor-
mation should be included in the counseling of families 
preoperatively. Hamiwka et al (53), reporting 10-year 
outcome for children undergoing surgery for cerebral 
malformations, reported 71% still to be taking anticon-
vulsant medication at that time, whereas the group of 
Mathern et al (59) reported 75% to be on anticonvulsants 
after 5 years. Another group, however, showed that in 
20 of 33 patients the drugs could be either reduced or 
stopped (84), and thus for each individual patient the 
decision to reduce or discontinue anticonvulsants should 
be based on the pathophysiologic substrate identified 
prior to surgical treatment, the completeness of excision 
of that substrate, any peri- or postoperative complica-
tions, and the seizure outcome. Naturally, the views of the 
family and child are pivotal to this decision and are likely 
to depend on psychosocial as well as clinical issues.

A number of children are not suitable candidates 
for primary resective surgery—for example, children 
with Lennox-Gastaut syndrome who are incapacitated 
with drop attacks, children with bihemispheric malfor-
mations, and children with Landau-Kleffner syndrome. 
These children may benefit from palliative surgeries such 
as corpus callosotomy and multiple subpial transections 
(MST). Outcome for callosotomy is more favorable in 
children with atonic and tonic attacks, with approxi-
mately 60–80% benefiting from the procedure with more 
than 50% drop in the seizure frequency (85–87). Studies 
have shown a seizure freedom rate with callosotomy and 
on concomitant AED between 10% and 20%. The main 
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role of multiple transections is in patients with epilepto-
genic zone within the eloquent cortex. This procedure 
can be combined with cortical resection. Seizure freedom 
with isolated MST (88, 89) is highly improbable, but with 
additional procedure of resection, seizure-free outcome 
may be seen in 40–50% of patients.

The final group to consider is those patients in 
whom surgery is either turned down or not deemed to be 
an option. Natural history data in individuals with medi-
cally refractory localization-related epilepsy who do not 
undergo surgery paint a uniformly dismal picture, quot-
ing the seizure freedom rate of approx 8–11% at one-year 
follow-up (11, 90), whereas in longer-term follow-up, 
the study by Selwa et al (91) in predominantly an adult 
population showed a seizure free outcome ranging from 
15% to 21% in their cohort of 34 cases. This was again 
confirmed in a further study, with seizure freedom that 
varied between 14% and 21% in unoperated localization-
related epilepsy (92). Thus, the true benefit of surgery 
over best medical therapy may yet be unknown. Another 
consideration is whether surgery affects the long-term 
risk of mortality. After epilepsy surgery, patients who 
have recurrent seizures had a standard mortality ratio of 
5.75 as compared to the patients with seizure freedom. 
This benefit of seizure freedom following surgery tends 
to counter the negative effect of intractable epilepsy on 
survival (93). As most of the data from adult studies are 
used to predict the outcomes in pediatric population, this 
benefit in survival may be seen in children with intrac-
table epilepsy rendered seizure free following surgery.

NEURODEVELOPMENTAL OUTCOME

Neuropsychologic evaluation is an important aspect of 
presurgical evaluation. The neuropsychologic profile can 
sometimes aid the laterality and localization of seizures, 
and knowledge of the degree of cognitive impairment 
serves as a baseline for postoperative assessment and out-
come. This is important from the point of postoperative 
functioning, as the evaluations of mental reserve capacity 
allows for a predictive postoperative profile that can be 
used for counseling and advising on the risks of surgery. 
This can be used as a tool to evaluate the surgical outcome 
and quality of life–related issues.

It is of prime importance to consider the potential 
effects of epilepsy surgery on the development and cogni-
tion of any child. There is growing evidence that early-
onset, poorly controlled epilepsy has an adverse impact 
on cognition, hampering normal development (94, 95). 
Vargha-Khadem (96, 97) showed that patients with early 
cerebral damage show a greater deficit if associated with 
onset of epilepsy under the age of 5 years, implying a 
negative effect of epilepsy on the brain development. It 
could therefore be presumed that early treatment with 

epilepsy surgery could give a window of opportunity to 
allow for more optimal development of the brain, but 
this has been difficult to quantify. Duchowny et al (98) 
concluded that cortical resection in very young children 
with catastrophic epilepsy does not guarantee an optimal 
or improved neurologic development, and perceptions 
of accelerated development in patients rendered seizure 
free was not confirmed on formal developmental assess-
ment. This is not surprising when one considers that IQ 
is a measure of development relative to peers of normal 
development, and therefore a maintained, though not 
increased, IQ indicates maintained progress relative to 
peers, preferable to the deterioration that could possibly 
be expected with continuing seizures. Freitag et al (99) 
proposed early intervention to at least stabilize the devel-
opmental velocity. A recent study by Battaglia et al (100) 
found that the cognitive level is generally unchanged in 
a majority of cases postsurgery, with very few patients 
showing either a sustained improvement or impairment. 
Their study showed a stable cognitive outcome in 71.5% 
of children, with improvement seen in 13.3%. There is 
also no consensus as to whether there is an optimal time 
for intervention. It does seem from studies (99, 101), 
however, that early intervention does not really impact 
on the eventual cognitive outcome, although in children 
with infantile spasms a shorter duration of epilepsy leads 
to better neurodevelopmental outcome (102).

Focal Resections

Data to date suggest that temporal lobe resection in care-
fully selected candidates is unlikely to have a cognitive 
impact in children. In one of the largest reported multi-
center series on outcome of temporal lobectomy (103), 
approximately 82% of children did not experience any 
significant change in their presurgical scores for verbal or 
performance IQ regardless of the side of surgery, but the 
individual analysis does show an increase in the perfor-
mance IQ regardless of the laterality of surgery. A signifi-
cant decline in global IQ following temporal lobectomy 
is unlikely to occur (104), but in those with a decline in 
cognition the investigators propose the influence of the 
underlying pathology on the eventual outcome. There 
was no correlation between the seizure laterality and ver-
bal or nonverbal cognitive functioning, and temporal lobe 
seizures had an equal effect on the verbal reasoning and 
nonverbal problem-solving capacity irrespective of their 
side of onset. Earlier studies (105–107) had suggested 
postoperative decline in verbal memory in the short term, 
but in the long term and, in particular, in the pediat-
ric population, two studies (107, 108), failed to show 
any change in the memory at 12 and 24 months after 
surgery from the preoperative scores. That this deficit is 
clearly reversible has been well demonstrated more recently 
by a prospective study (109) that showed a greater 
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recovery of memory deficits in children than in adults 
undergoing temporal lobectomy. Their data suggest an 
increased neuronal plasticity in childhood, with a pro-
posal of a strong argument in favor of early surgery.

Literature review shows a dearth of information on 
other lobar resections. There are very few studies on post-
surgical series in children with frontal lobe and posterior 
epilepsies (100). Preoperative groups with frontal lobe 
epilepsy have deficits in the domain of executive func-
tioning and motor coordination. Lendt et al (111, 112) 
compared the one-year postsurgical cognitive profiles in 
groups of 12 children, one group with temporal and the 
other with frontal lobe epilepsy. Both groups showed 
important gains in attention, processing speed, memory, 
and bimanual coordination. Surgery did not lead to any 
additional impairment. The neuropsychologic profile in 
frontal lobe epilepsy (113) is akin to that of adults with 
frontal lobe lesions. Surgical outcome has no bearing 
on the postoperative neuropsychologic profile in chil-
dren with frontal lobe epilepsy in both good- and poor-
seizure-outcome groups. Some gains, albeit insignificant, 
are made in the domain of motor coordination. Data 
from other studies lend weight to offering surgery to suit-
able candidates, as the benefits from epilepsy surgery 
far outweigh the risks of inflicting minor deficits in the 
form of working memory and visual constructional skills 
(114, 115).

The posterior epilepsies are relatively rare in chil-
dren. In terms of cognition, the posterior cortex plays an 
important role in attention and visuoconstructional abili-
ties (116, 117). In general the group of patients with pos-
terior epilepsies (100) has a low IQ compared to groups of 
temporal or frontal lobe epilepsy. The deficit is especially 
in the domain of visuoconstruction performance; also of 
note is the fact that the effects are even more disabling in 
children with early-onset damage to the posterior cortex. 
Sinclair et al (77) studied a group of children undergo-
ing extratemporal resections, and within this group the 
children with frontal lobe epilepsy were relatively better 
preserved, with a mean full-scale IQ nine points higher 
than in the children with posterior epilepsies, and the 
postsurgical outcome mirrored the preoperative assess-
ment. Postoperatively, except for an improvement in the 
sphere of verbal learning, there was no change in the intel-
lectual functioning and memory. Similar results of a stable 
postoperative cognitive profile were seen in a group of 
26 children (118). Even though the group is quite small, 
the data show no impairment or adverse effects of sur-
gery on the intelligence or memory. Mabbott and Smith 
(119) assessed memory in a series of 44 children and 
adolescents undergoing temporal or extratemporal resec-
tion and found no significant decline in memory in either 
group of children. Children have variable performance on 
the tasks used for assessment. Within the surgical groups, 
some children perform poorly within tasks, while others 

perform well on the same tasks. The observed variability 
may be dependent on several factors, probably including 
age, duration of epilepsy, nature of material used to test 
memory, and number of medications. Also of note is the 
effect of age at onset; children with older age of seizure 
onset performed better on tasks of verbal memory and 
face recognition.

Hemispherectomy

Many children coming to this procedure have devel-
opmental malformations as their underlying respon-
sible pathology, such as hemimegalencephaly (120) or 
widespread hemispheric cortical dysplasia. The remain-
ing patients have other etiologies such as Rasmussen 
encephalitis or vascular pathology. Both the groups tend 
to have a low IQ/DQ preoperatively; but the deficit is 
most marked in the group with developmental malforma-
tions (121–23). This is particularly relevant, considering 
the data suggest that age of onset of epilepsy is likely 
to have a major impact on ultimate developmental out-
come, and the onset tends to be earlier in the group with 
developmental malformations (124, 125). Most studies 
do not show any significant longitudinal change with 
regards to developmental and cognitive outcome follow-
ing hemispherectomy. There are a few studies that do 
report some gain (98, 120–122), whereas others have 
reported loss of skills postoperatively, predominantly 
in those with acquired pathology (124). In a group 
of 71 children (124), 11 children showed a decline of 
more than 15 points in the IQ at follow-up, but eight of 
the 11 children had Rasmussen syndrome, and the decline 
may have been a result of the progressive nature of the 
disease. Even in this study almost 80% of the children 
had a postoperative neuropsychologic profile similar to 
or slightly better than the preoperative score.

The majority of children who come to hemispher-
ectomy are developmentally delayed, as verified by data 
from the literature. This has not been a criterion to exclude 
them from a surgical program. Evidence to date suggests 
that, although we aim to optimize neurodevelopment, 
we are more likely to prevent possible further cognitive 
damage from ongoing epilepsy. Data to date suggest the 
final outcome to be usually comparable to the preopera-
tive level of functioning, suggesting a maintenance of the 
developmental trajectory. Children who are well main-
tained preoperatively tend to do better than those with 
poor developmental skills (126). A recent meta-analysis 
(127) showed a better outcome in children than in adults, 
and the short-term cognitive outcomes were maintained 
in the longer term. Overall, children undergoing left hemi-
spherectomy (128) with early-onset epilepsy and devel-
opmental malformations have a poor cognitive profile as 
compared to children with right hemispheric lesions, and 
this translates to a similar postoperative profile.
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FUNCTIONAL OUTCOME

When deciding on whether resective surgery should be 
offered, the likelihood of inflicting a possible neurologic 
deficit should be carefully considered. The presurgical 
evaluation is undertaken with meticulous care to reduce 
the chance of causing this deficit, by outlining the elo-
quent cortices and, if necessary, using invasive monitoring 
with subdural grids and functional stimulation. Recently, 
with the advent of functional imaging to complement the 
presurgical evaluation and mapping of the motor and 
language cortex, the need for invasive monitoring for 
delineation of eloquent cortex has been reduced. In each 
individual case the risk-benefit ratio needs to be carefully 
considered.

Reorganization (129–132) of the eloquent cortices 
has a bearing on the eventual area of resection. Early-onset 
epilepsy may be presumed to lead to a greater chance of 
relocalization of function, but studies have shown that 
language and motor function (129–132) may be local-
ized within dysplastic cortex. In such cases the risk of 
postoperative functional deficit is very high. The majority 
of children with congenital hemiplegia (associated with 
a structural brain pathology) and early-onset epilepsy 
can expect little change between pre- and postoperative 
functional status, although a visual field defect is inevi-
table if not present preoperatively. Surgery for right-sided 
lesions (128) in the acquired pathology group tends to 
have a better outcome; overall, however, the outcome is 
poor in the developmental pathologies as compared to the 
acquired pathologies. Curtiss et al (133) showed a better 
outcome for right-sided hemispherectomies with under-
lying acquired pathologies, but even the left hemispher-
ectomies may have better postoperative performance on 
the subdomains of language function, suggesting that the 
right hemisphere can support language reorganization, 
with better receptive language than expressive (134). Also 
in the study by Curtiss et al (133), postoperative seizure 
outcome had a positive impact on language development 
in children with developmental pathologies.

Frank aphasia and major language dysfunction are 
usually not seen after standard temporal lobe resection. 
The only deficit seen in patients with dominant temporal 
lobe resection is in naming and, probably, verbal learning 
(135). This too usually resolves within 6–12 months of 
surgery. Verbal fluency is unaffected in both dominant 
and nondominant resection.

Hemiparesis is an expected effect of hemispherec-
tomy, but focal motor deficits may be seen in focal, lobar, 
or multilobar resections encroaching upon eloquent cor-
tex. The degree of motor deficit will vary with time, and 
many deficits improve, suggesting that the cause is revers-
ible, such as edema or ischemia, or that in the longer term 
some reorganization can take place. In a group (136) 
of 15 children posthemispherectomy, etiology-specific 

differences in reorganization of the remaining cortex were 
shown. Ambulation is important for independence, and 
in those undergoing hemispherectomy (137), children 
who are ambulant prior to surgery continue to remain so 
after surgery irrespective of developmental and acquired 
pathologies. In terms of other musculature, they do show 
slight deterioration in their function within the first few 
months after surgery, but they usually recover to near the 
presurgical level of functioning except for finger dexterity 
and power in the distal upper limb musculature.

Formal discussion with the parents and the child 
regarding the expected motor, visual, or language defi-
cit will eventually decide the optimum time for surgery. 
The risk-benefit assessment should be discussed at length 
before offering surgery. This is particularly true for chil-
dren with progressive conditions such as Rasmussen 
encephalitis and Sturge-Weber syndrome.

BEHAVIORAL AND PSYCHIATRIC OUTCOME

The prevalence of behavioral problems in intractable 
childhood epilepsy is high (138), and a proportion of 
these children will enter a surgical program for evalu-
ation. Psychiatric disorder (34) is reported in 29% of 
children with idiopathic generalized seizures and in 58% 
of children with seizures and structural brain abnormal-
ity. Davies et al (139) showed that the presence of psy-
chiatric disorder and behavioral problems adds to the 
already significant disability in these children. At times, 
behavior can be the most challenging aspect of epilepsy 
management.

Surgery for epilepsy has a variable impact on the 
psychiatric and behavioral outcome postoperatively. Few 
of the patients improve, few worsen, and few remain the 
same, while (140) a further proportion develop new symp-
toms following surgery for epilepsy (34, 141). Although 
new symptoms may evolve in previously normal children, 
it is generally seen that absence of psychiatric disorder 
preoperatively predicts a good postoperative psychiatric 
outcome. Thus, epilepsy surgery has a predominantly 
positive effect on the behavioral outcome in children with 
intractable epilepsy beginning early in life. Psychiatric 
and behavioral outcomes in slightly older children are 
unclear, with variable results, as mentioned previously. 
Following surgery there appears to be a risk of precipi-
tating new psychiatric disorders with a Diagnostic and 
Statistical Manual (DSM) IV diagnosis in a proportion 
of these children.

When hemispherectomy was first described by 
MacKenzie in 1938 and subsequently by Krynau in the 
1950s, it was noted that significant improvement in 
behavior could be achieved. In one study (142) 36 of 
50 children had severe behavioral problems that resolved 
in 54% of the children postsurgery and improved in a 
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further 40%. White (143), looking at 144 surgeries for 
infantile hemiplegia and epilepsy, saw behavior improve 
in 80% of the 108 patients with behavioral dysfunction. 
Later studies show behavioral difficulty in 33% of chil-
dren preoperatively, with improvement in all but one 
child and new symptoms emerging in five children. In 
the study by Pulsifer et al (124), there was no difference 
in the pre- and postoperative scores as measured by the 
Child Behavior Check List (CBCL).

The rate of behavioral disorders in children com-
ing to temporal lobe resection is high (34), with 83% 
demonstrating a DSM IV diagnosis at any point pre- 
and postoperatively. Though poor postoperative seizure 
control heralds a poor outcome in psychiatric symptoms 
in adults, studies in children fail to confirm this obser-
vation, although in the group of McLellan et al (34), 
24% of seizure-free children lost the DSM IV diagno-
sis, whereas only 4% from the poor-seizure-outcome 
group lost their diagnosis. Szabo et al (141), in their 
small series of five patients, did not find any signifi-
cant change between the pre- and postoperative behav-
ior in children with pervasive developmental disorder 
undergoing temporal lobectomy for the treatment of 
epilepsy. Whether the natural history of the disorder 

may be influenced by early surgery and seizure control 
remains under debate (144). Lendt et al (145) looked at 
a cohort of 56 children, with a study group and a control 
group of 28 children each. The 28 children underwent 
surgery, and the control group was managed medically. 
On review of the CBCL scores, there was normalization 
of behavior in the study group; at the same time, the 
control group had new emergent behavioral issues. This 
study highlights the likelihood of impact of surgery on 
behavioral outcome as opposed to the natural history 
of the condition.

CONCLUSIONS

Surgery for epilepsy in childhood can confer consider-
able benefits, not only with regard to seizure control but 
also with regard to neurodevelopmental and behavioral 
outcome. The degree to which the latter can be achieved, 
however, is difficult to assess in each individual case. Such 
needs to be considered carefully, and the likely outcome, 
however uncertain, in all domains should be outlined to 
the family prior to any final decision. Further prospec-
tive data collection is required to enable more accurate 
preoperative counseling.
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Vagus Nerve Stimulation 
Therapy in Pediatric 
Patients: Use and 
Effectiveness

hildhood epilepsies are often char-
acterized by a wide range of seizure 
types and accompanying comor-
bidities such as mental retardation 

or developmental delay (MR/DD), autism, and language 
disorders, often making treatment difficult. However, 
advances in our understanding of the underlying mecha-
nisms that result in seizures and epilepsy syndromes have 
also led to advances in epilepsy treatments. Traditionally, 
the two primary treatment modalities used to control 
seizures have been mono- and polytherapy with antiepi-
leptic drugs (AEDs) and epilepsy surgery. Among pedi-
atric patients, the ketogenic diet is used among a small 
number of children.

In 1997, however, the United States (U.S.) Food 
and Drug Administration (FDA) approved a new, non-
pharmacologic treatment—vagus nerve stimulation 
(VNS) therapy—for adjunctive use among patients aged 
12 years and older with partial-onset seizures refractory 
to standard therapies. Although VNS therapy is not cur-
rently approved in the United States for children younger 
than age 12 years, studies indicate that success with VNS 
therapy can be achieved independent of patient age and 
seizure type or syndrome. Reports indicate that VNS ther-
apy may have unique benefits for pediatric patients (aged 
less than 18 years), including improvements in quality of 
life resulting from the lack of pharmacologic interactions 

James W. Wheless

known to impair development, and success at reduc-
ing seizure frequency and severity among patients with 
age-related and difficult-to-control syndromes such as 
Lennox-Gastaut syndrome (LGS). This chapter outlines 
both the safety and effectiveness of VNS therapy among 
pediatric patients with epilepsy, as discerned from current 
treatment practices and reports in the literature.

THE VAGUS NERVE STIMULATION 
THERAPY SYSTEM

Vagus nerve stimulation (VNS) was the first nonphar-
macologic therapy approved by the FDA for the treat-
ment of seizures. The treatment, which attenuates seizure 
frequency, severity, and duration by chronic intermittent 
stimulation of the vagus nerve, is intended for use as an 
adjunctive treatment with AED therapies. As of March 
2006, more than 35,000 patients with epilepsy have been 
implanted with the VNS therapy system worldwide, with 
approximately 30% of those patients being younger than 
age 18 at the time of their first implant. Approximately 
one-third of patients receiving VNS therapy experience 
at least a 50% reduction in seizure frequency with no 
adverse cognitive or systemic effects (1, 2). Moreover, 
clinical findings indicate that the effectiveness of VNS 
therapy continues to improve over time (2–8), independent 

C
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of changes in AEDs or stimulation parameters (9). Also 
notable is the fact that tolerance, which is often accom-
panied by a reduction in efficacy for many treatments, 
does not appear to be a factor with VNS therapy, even 
after extended (�10 years) periods of time (2). Response 
to VNS therapy may be delayed for some patients (8, 10). 
As a result, the long-term safety and effectiveness seen 
with this treatment have made VNS therapy a mainstream 
treatment option for a broad range of epilepsy patients, 
including children and adolescents. VNS therapy is sec-
ond only to AED therapy as a treatment category for 
childhood epilepsy in the United States.

The VNS therapy system consists of the implant-
able pulse generator and bipolar VNS therapy lead, a 
programming wand with software, a tunneling tool, and 
a hand-held magnet. The original systems consisted of 
the Model 100 and Model 101. However, in June 2002, 
Cyberonics, Inc. (Houston, Texas), introduced a new gen-
erator model, the Model 102 system, which is thinner 
(6.9 mm), lighter (25 g), and has less volume (52.2 mm 
in diameter) than the previous models (11). The smaller 
size of the Model 102 offers children an improved cos-
metic appearance and increased comfort. In addition, 
the Model 102 has a single- rather than a dual-pin lead, 
making it easier and faster to implant than the previous 
models. Both the Model 101 and Model 102 are currently 
being implanted. The average battery life for the genera-
tor (Model 101 or 102) is approximately 7 to 10 years 
with normal use (11). Increases in stimulation intensities 
or frequency will decrease battery life.

The magnet provided to patients as part of the VNS 
therapy system allows for on-demand stimulation, which 
has the potential to abort seizures, either consistently or 
occasionally, among some patients or caregivers who are 
able to anticipate the onset of their seizures (12–14). The 
additional stimulus train that results when the magnet 
is held over the generator is typically stronger than the 
programmed stimulus parameters. This added ability of 
on-demand stimulation provides a greater sense of con-
trol for patients and their caregivers over their disorder, 
which can help improve how they perceive their quality 
of life. The magnet also allows temporary interruption of 
stimulation if needed, particularly when singing or play-
ing wind instruments or during speaking engagements. 
However, stopping the stimulus should be done sparingly 
and with care, as doing so creates the potential risk of 
breakthrough seizures.

Implantation Procedure

The implant surgery is most often performed under gen-
eral anesthesia and typically lasts about 1 hour (4). The 
pacemaker-like generator device is generally implanted in 
the subcutaneous tissues of the upper left pectoral region, 
with a lead then run from the generator device to the 

left vagus nerve in the neck, where it is attached by a 
coiled electrode (Figures 64-1, 64-2) (15, 16). Two inci-
sions are made during the procedure: one in the chest to 
create the generator pocket, and the other along a fold 
in the neck to expose the vagus nerve for placement of 
the electrode (Figures 64-3, 64-4). A loop of lead wire is 
coiled beside the generator to allow for strain relief and 
patient growth.

FIGURE 64-2

Lead wire starting to be placed on the left vagus nerve.

FIGURE 64-1

VNS lead wire prior to placement on the left vagus nerve. 
Cathode electrode (green suture) placed proximal (right side 
of picture), then anode electrode (white suture), then anchor 
tether (green suture; caudal; left side of picture).
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The procedure is well tolerated in both children and 
adults (17, 18) and is usually performed as outpatient 
surgery; however, in some cases, patients may be kept 
in the hospital overnight for observation. The device is 
often turned on in the operating room or in the office 
immediately after surgery, generally with a low initial 
setting of 0.25 mA (Figure 64-5) (19). The programming 
wand (Figure 64-6) is used at follow-up visits to check 
and fine-tune the stimulation settings according to patient 
comfort and level of seizure control. Instructions concern-
ing care of the incision sites, magnet use, and necessary 
follow-up visits are given to patients and their families 
before the patient leaves the hospital.

The length of battery life for the VNS generator is 
dependent on the device model implanted and the stimu-
lation parameters used (20). Often an increase in seizure 
frequency or intensity suggests clinical end of service (20). 
Other indications of battery failure include a sudden stop 
in sensing stimulation or unexpected changes in stimula-
tion. Once a generator reaches end of service, another 
surgery is required to replace the generator. The entire 

generator is replaced rather than just the battery so as to 
prevent opening the hermetically sealed titanium case of 
the generator, which could lead to a rejection reaction (21). 
The generator-replacement surgery typically lasts approx-
imately 10 to 15 minutes and is performed on an outpa-
tient basis. Because the leads remain untouched during 
a generator replacement, only one incision is needed. 
Generator replacement is recommended and preferred 
by patients before the battery is completely depleted so 
as to prevent an interruption in treatment (20). A 12-year 
follow-up study showed that multiple device replacement 
surgeries are well tolerated (2). Often, however, tolerated 
device currents are lower after reimplantation but are not 
equated with a reduction in benefit from VNS therapy, 
which suggests improved battery strength in the newer 
models of VNS generators; parameter settings other 
than current are generally the same as with the initial 
device (20). For patients not obtaining a substantial level 
of benefit from VNS, it has been suggested that stimula-
tion parameters be tapered down over an extended period 
of time before end of service to allow for explantation of 

FIGURE 64-3

Implantation of the Model 102.
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the device before clinical signs of generator dysfunction 
become evident (20).

Potential Complications. Although the implant sur-
gery is a relatively simple procedure that is safe and well 
tolerated by the vast majority of VNS therapy patients, 
complications can arise. One possible risk resulting from 
the implant surgery is an infection at the implant site. 
This risk may be increased in the pediatric population 
because young children or patients with neurocognitive 
disorders may tamper with the wound before the incision 
has had time to heal properly (22–24). Such infections can 
be treated with antibiotics but typically lead to explanta-
tion of the device if antibiotic treatment is not effective 
or if tampering continues (25, 26). Stimulator pocket 
infections among the pediatric population have been rela-
tively uncommon, however (25, 27). No infections were 
observed in a recent study of 36 children aged younger 
than 18 years who were followed up for an average of 
30 months (27).

The routine lead test performed during surgery also 
has resulted in reports of bradycardia and asystole in a 

small number of patients (�0.1%) (28–31). Neither of 
these cardiac events, however, has occurred after surgery 
during day-to-day treatment with VNS therapy or in chil-
dren; these events are usually transient and self-limiting 
and are rarely of clinical significance (28–31). Vocal cord 
paresis, although rare, can be caused by manipulation of 
the vagus nerve during the implant procedure, but such 
paresis is most often transient (32). On the whole, the sur-
gery required with VNS therapy is much less invasive and 
generally better tolerated than other traditional epilepsy 
surgeries. Although side effects associated with the sur-
gery cannot be avoided completely, they can be minimized 
with a correct technical procedure (27). In addition, the 
implant surgery is not associated with any performance 
or cognitive impairments and can be reversed if the treat-
ment is not effective.

Alternative Generator Placements. Depending on the 
circumstances of the patient, alternative generator place-
ments have been reported with successful results. Le 
et al (22) successfully used an interscapular placement 
of the generator to reduce the risk of wound tamper-

FIGURE 64-4

Neck incision (right) after final closure with Durabond; chest incision after final closure (bottom left).
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ing among pediatric patients with cognitive delay who 
may be prone to tampering with the wound. Of the 
nine patients with an interscapular generator placement, 
none required explant; no discomfort or changes in daily 
routine (e.g., sleeping positions) were reported; and the 
effects of VNS therapy on seizure reduction and qual-
ity of life were consistent with the results seen with 
the traditional generator placement. An infraclavicu-
lar placement also has been used for developmentally 
delayed children, as well as for young women and chil-
dren with small muscular mass (33, 34). Three children 
have had a device reimplanted on the right side rather 
than the left after undergoing explantation of a VNS 
device owing to infection (35). All three patients had 
been deriving benefit from the left-sided implant, but 
reimplantation of another device on the left side was 
not pursued because of the potential of inflicting nerve 
damage. The right-sided implantations were effective 
in once again reducing seizure frequencies, but a differ-
ence was noted in the level of seizure control achieved 
between the right- and left-sided implants. Although 
right-sided implantations are not recommended by the 

device manufacturer because of possible cardiac side 
effects, no cardiac events presented among these three 
children; however, two of the three children did experi-
ence transient respiratory events.

Stimulation Parameters

VNS therapy “dosing” is defined by five interrelated 
stimulation parameters (Figure 64-7): output current 
(measured in mA), signal frequency (Hz), pulse width 
(µs), signal On time (s), and signal Off time (s/min). 
The output current, signal frequency, and pulse width 
define how much energy is delivered to the patient, with 
the combination of settings for these three parameters 
being analogous to the size or dose of a pill. The signal 
On and Off times constitute the duty cycle (i.e., how often 
the energy is delivered) and are analogous to the dos-
ing schedule for drug therapy. An optimal dose-response 
relationship for VNS therapy, however, is elusive, in part 
because of the interindividual variability between patients 
and in part because of the number of parameters involved 
in regulating the dose.

FIGURE 64-5

Intraoperative use of the handheld computer and programming wand to initiate stimulation.
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FIGURE 64-6

A programming wand is held by the patient over the device while a physician checks and/or adjusts stimulation parameters 
using a handheld computer.

FIGURE 64-7

Stimulation parameters (all duty cycles except low output [�10 Hz]).
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of VNS therapy, typically every 2 to 4 weeks for the first 
2 to 8 weeks following generator implantation. Once a 
patient responds to a tolerated dose, further parameter 
adjustments are performed only as clinically necessary. 
However, routine assessment of lead-wire integrity and 
generator function should be performed.

Response to VNS therapy has been shown to be 
age dependent and therefore VNS stimulus parameters 
may need to be adjusted differently for the pediat-

TABLE 64-1
Stimulation Parameter Setting Ranges

  MEDIAN SETTINGS

  PEDIATRIC (n 	 743) ADULT (n 	 1,486)

PARAMETER TYPICAL RANGE 3 MONTHS 12 MONTHS 3 MONTHS 12 MONTHS

Output current 0.25–3.5 mA 1.25 mA 1.75 mA 1.00 mA 1.50 mA
Signal frequency 20–30 Hz 30 Hz 30 Hz 30 Hz 30 Hz
Pulse width 250–500 µs 500 �s 500 �s 500 �s 250 �s
Signal on time 7–270 s 30 s 30 s 30 s 30 s
Signal off time 12 s–180 min 5 min 3 min 5 min 3 min

*No standard settings have been defined on the basis of patient age or seizure type. The median settings shown here are taken from
the VNS therapy patient outcome registry (Cyberonics, Inc; Houston, Texas).

FIGURE 64-8

Safety ranges for VNS therapy stimulation parameters.

Standard parameter settings, as determined from 
the clinical trials and outlined by Heck et al (36), range 
from 20 to 30 Hz at a pulse width of 250 to 500 ms and 
an output current of 0.25 to 3.5 mA for 30 s On time 
and 5 min Off time (Table 64-1). Initial stimulation is set 
at the low end of these ranges and slowly adjusted over 
time and within the safety limits (Figure 64-8) on the 
basis of patient tolerance and response. Patients should 
be closely monitored during the dose adjustment phase 
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ric patient (37). Several studies indicate that pediatric 
patients may require higher output currents (Table 64-1) 
than those used in adult patients to reach a therapeutic 
dose (2.0 to 2.5 mA compared with 1.0 to 1.75 mA, 
respectively), particularly when lower (�250 µs) pulse 
durations are used (33, 36, 38). Additional reports indi-
cate clinically significant responses with low stimulation 
intensities (1.25 to 1.50 mA) (2, 5, 17). A multicenter, 
randomized trial looking at device parameter efficacy 
showed that various duty cycles were equally effec-
tive (39). Some reports among children with severe epi-
leptic syndromes showed an increase in seizure frequency 
and severity at higher output currents (10, 40). Func-
tional magnetic resonance imaging (fMRI) in humans 
also suggests that pulse width is an important variable in 
producing brain effects (41). Optimal parameter settings 
for specific ages and seizure types or syndromes, if they 
exist, have yet to be defined.

Mechanisms of Action

The mechanisms of action of VNS therapy are not fully 
understood, but they are believed to be manifold, owing 
to the diffuse distribution of vagal afferents throughout 
the central nervous system, and are distinct from those 
of traditional AED therapy (42, 43). Studies suggest that 
altered vagal afferent (not efferent) activities resulting from 
VNS are responsible for mediating seizures (43, 44). Such 
altered activities have been recorded in both cerebral hemi-
spheres. Rat studies indicate that VNS activation of the 
locus coeruleus may be a significant factor for the attenu-
ation of seizures (45–47). Human imaging studies also 
implicate the thalamus in having an important role in regu-
lating seizure activity (48, 49). The exact antiseizure role 
of the thalamus is likely to be complex, however, because 
of the diffuse connections of the thalamus throughout the 
brain (48). Additionally, the reticular activating system, 
central autonomic network, limbic system, and noradren-
ergic projection system all may play a role in the antiseizure 
mechanisms of VNS therapy (43, 50–53).

Positron emission tomography (PET) imaging stud-
ies in humans show that the VNS-induced changes in 
cerebral blood flow (CBF) and synaptic activity vary 
over time (53). Widespread alterations in CBF activa-
tion during acute VNS was much more restricted after 
prolonged VNS, indicating that those sites of persisting 
VNS-induced changes may reflect the antiseizure actions 
of VNS therapy (53). During chronic VNS, no new sites 
of CBF alterations that were not also affected acutely 
were observed (53). Additional human imaging studies 
using various methods, including functional magnetic 
resonance imaging (fMRI) and single-photon emis-
sion computed tomographic (SPECT) techniques, have 
produced similar findings in both acute and chronic 
studies (53). These imaging findings, coupled with the 

clinical findings that the effectiveness of VNS therapy 
continues to improve over time, seem to indicate that 
rapidly occurring subcortical effects rather than rapidly 
occurring cortical effects may be more important in the 
VNS antiseizure mechanism (53). It is believed that rap-
idly altered intrathalamic synaptic activities as well as 
other mechanisms likely occurring independently of tha-
lamic activation constitute the therapeutic mechanisms of 
VNS (53). Electroencephalogram (EEG) observations also 
suggest that unilateral rather than bilateral abnormali-
ties may show more benefit from VNS (2). Other human 
studies show that some antiepileptic mechanisms affected 
by VNS are either modulated by or are the reflection of 
EEG changes, although the effect of VNS on the EEG 
background remains uncertain (54). Finally, gamma-ami-
nobutyric acid (GABA) receptor (GABAA) plasticity may 
contribute to the ability of VNS to modulate the cortical 
excitability of brain areas associated with epileptogen-
esis (55). Like medications, many different actions prob-
ably contribute to the efficacy of VNS therapy; therefore, 
determining whether there is a single mechanism that is 
most important may not be possible.

Animal Trials

VNS therapy was developed on the basis of early findings 
of neuroinhibition in the regulation of emesis, and changes 
in EEG activity resulting from vagal stimulation (56–58). 
Studies among animals showed that VNS therapy worked 
both acutely to abort seizures and chronically to control 
seizures (59, 60). In addition, VNS was effective beyond 
the period of active stimulation and across a wide range of 
seizure types and severities, thereby indicating the potential 
for long-term, phase-dependent seizure control. Tests of 
VNS therapy in the traditional animal models used to test 
AED efficacy, including rat, canine, and monkey models 
(60–64), further indicated that VNS therapy, like AEDs, 
may be effective for multiple seizure types. The clinical trials 
that followed proved the safety and efficacy of VNS therapy 
for controlling seizures, with few and mild side effects that 
were generally related to stimulation intensities.

A more recent PET imaging study in rats revealed 
differences between acute and chronic changes in glucose 
metabolism during VNS, which may reflect cerebral adap-
tation to VNS (65). These findings are in line with clinical 
findings and other animal and human studies that show 
improvements in seizure control and changes in CBF over 
time (3–5, 65, 66). Other animal studies also have shown 
that VNS may facilitate the recovery of function following 
brain damage, both in the rate of recovery and in the final 
level of performance reached postinjury, as well as enhance 
memory storage processes (67, 68). This enhancement of 
neural plasticity is believed to occur by the ability of VNS 
to enhance norepinephrine release throughout the neuraxis, 
but further studies are needed to explore the mechanisms 



64 • VAGUS NERVE STIMULATION THERAPY IN PEDIATRIC PATIENTS: USE AND EFFECTIVENESS 819

behind these effects more fully (68, 69). Improvements in 
behavior among rats with induced brain damage also are 
suggestive of a neuroprotective effect of VNS, which may 
also help to reduce the behavioral deficits associated with 
seizures among humans receiving VNS therapy as part of 
their antiepileptic treatment (67).

SEIZURE EFFICACY

Clinical Trials

A series of acute-phase studies with long-term follow-
up data proved the safety and efficacy of VNS therapy 
for the treatment of refractory epilepsy and thereby led 
to its approval by the FDA in 1997. Results from two 
randomized, placebo-controlled, double-blind trials (E03 
and E05) were pivotal in demonstrating the antiseizure 
effect of VNS therapy. Patients in the 14-week acute E03 
study (n 	  113) who received therapeutic doses of stimu-
lation (high; 30 Hz, 500 µs, up to 3.5 mA for 30 s every 
5 min) showed a significantly higher median decrease in 
seizure frequency of 24.5% compared with only a 6.1% 
median decrease among patients receiving nontherapeutic 
levels of stimulation (low; 1 Hz, 130 �s, �3.5 mA for 
30 s every 90 min; p 	 0.01) (70).

Seizure frequency reductions of at least 50% were 
reported for 31% of patients in the high-stimulation group 
and for 13% in the low-stimulation group (p 	 0.02). 
In the acute E05 study, the median reduction in seizure 
frequency was 27.9% for the 94 patients in the high-
stimulation group and 15.2% for the 102 patients in the 
low-stimulation group at 3 months (p 	 0.04) (71).

Long-term follow-up of patients in the acute E03 
and E05 studies showed that the effectiveness of VNS 
therapy was cumulative. After the acute phase of these 
studies, patients receiving low stimulation had their stimu-
lation levels titrated to therapeutic (high) settings, and all 
patients were then followed for an additional 12 months 
of treatment. For the 100 patients in the E03 open-label 
extension study treated for the additional 12 months, the 
median reduction in seizure frequency increased to 32% 
at 12 months from only 20% at 3 months (5). For the 
196 patients with evaluable seizure data in the E05 trial, 
the median reduction in seizure frequency was 45% after 
an additional 12 months of treatment in the prospective, 
long-term extension study (4). At this same time point, 
35% of patients had at least a 50% reduction in seizure 
frequency, and 20% had at least a 75% reduction. These 
seizure frequency reductions were sustained over time.

Pediatric Outcomes

Although the controlled clinical trials did not focus specifi-
cally on the pediatric patient, the children and adolescents 

included in one of the five clinical studies (E04) responded 
at least as favorably as the adults (14, 72). Of the 60 pedi-
atric patients included in the E04 open, prospective study, 
16 were younger than age 12 (mean age, 13.5 years). 
At 3 months, the median reduction in seizure frequency 
was 23% (n 	 60); for the 46 patients with follow-up 
data available at 18 months, the median reduction was 
42%. The results, although in a much smaller group, 
were similar for the patients aged 11 years and younger, 
indicating that age does not seem to be a factor in the 
effectiveness of VNS therapy to control seizures. More-
over, data from other pediatric study experiences with 
VNS therapy indicate that younger patients may have a 
higher tolerance and more effective response than adult 
patients (14, 17, 72–75).

The largest study to date to evaluate the effective-
ness, tolerability, and safety of VNS therapy among 
pediatric patients was a six-center, retrospective study 
of 125 patients aged 18 years or younger (41 patients 
aged less than 12 years) (19). This study showed greater 
reductions in seizure frequency than those found in the 
pediatric subgroup of the E04 clinical trial, with a median 
reduction in seizure frequency at 3 months of 51.5% 
(range, �100% to �312%; n 	 95) and 51.0% at 6 
months (range, �99.9% to �100.0%; n 	 56). A simi-
lar response was reported at 6 months for children aged 
less than 12 years (median seizure frequency reduction of 
51%; n 	 20). These reductions did not differ between 
patients with different seizure types.

Special Patient Populations

Although few prospective or controlled trials have been 
performed among pediatric epilepsy patients, the num-
ber of young patients receiving VNS therapy across the 
United States and Europe is growing. Observations of 
pediatric patients with age-related or specialized syn-
dromes receiving VNS therapy indicate that this treat-
ment is safe and effective across a broad range of seizure 
types and syndromes, independent of age. Table 64-2 
(2–5, 7–9, 14, 16, 18, 19, 24, 38, 70–74, 76–85) shows 
the epilepsy syndromes, seizure types, and associated 
conditions in which VNS therapy may be helpful. Addi-
tionally, VNS therapy also seems to be a palliative treat-
ment option for patients who have failed cranial surgery 
(Figure 64-9) (83, 86).

Lennox-Gastaut Syndrome, Infantile Spasms, 
and Ring Chromosome 20 Syndrome

Lennox-Gastaut syndrome (LGS) and infantile spasms are 
rare but difficult-to-treat epileptic disorders. These condi-
tions are also accompanied by neurologic comorbidities 
that can be exacerbated by the cognitive adverse side 
effects typically associated with drug therapy. Although 
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TABLE 64-2
Epilepsy Syndromes, Seizure Types, and Associated Conditions in which 

VNS Therapy May Be Helpful

EPILEPSY SYNDROME, SEIZURE TYPE,
AND/OR ASSOCIATED CONDITION REFERENCES

Simple partial seizures Simple partial seizures (2–5, 7–9, 14, 16, 18, 70–72, 74)
 progressing to complex partial seizures  
 or secondary generalization 

Complex partial seizures with or without
 secondary generalization

Symptomatic generalized tonic-clonic seizures (14, 19, 24, 72, 74, 76)

Drop attacks in Lennox-Gastaut syndrome (19, 38, 73, 77)

Primary generalized epilepsy (JME) (76, 78–80)

Tuberous sclerosis complex with complex partial (81)
 or generalized tonic-clonic seizures

Autism with symptomatic epilepsy (82)

Status epilepticus (83–85)

FIGURE 64-9

Suggested treatment sequence flowchart for patients with epilepsy.
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limited data are available for children receiving VNS ther-
apy for the treatment of infantile spasms (87), recent ret-
rospective studies of the efficacy of VNS therapy among 
patients with LGS have shown some success in reducing 
seizure frequency without adverse side effects (10, 34, 
38, 73, 779).

The largest retrospective study of LGS patients 
receiving VNS therapy was done by Frost et al (73) on 
50 patients from six centers (median age at implant was 
13 years; range, 5 to 27 years). This study showed that 
median reductions in seizure frequency at 1, 3, and 6 
months of VNS therapy were 42%, 58.2%, and 57.9%, 
respectively (n 	 46 who had complete seizure data avail-
able). Seizure reductions at 6 months by type showed an 
88% decrease in drop attacks and an 81% decrease in 
atypical absence seizures. At 3 months, a 23% decrease 
was seen in complex partial seizures. In addition, improve-
ments in quality of life with minimal and tolerable side 
effects from both the surgery and therapy were reported 
for this patient population. The most notable change in 
quality of life was an increase in alertness reported for 
more than half of the patients. Previous corpus calloso-
tomy was not a contraindication for VNS therapy among 
this patient population, with the five patients who had 
undergone such surgery showing a 69% reduction in sei-
zure frequency at 6 months. However, the one patient 
with a previous lobectomy surgery did not show a change 
in seizure frequency with VNS therapy. Age also was not 
a contraindication, because those patients aged less than 
12 years showed similar response rates to the group as 
a whole.

A smaller, longer-term study on the behavior of 19 
patients with LGS receiving VNS therapy showed no 
deterioration from baseline in either quality of life or 
cognitive measures after 24 months of treatment (88). 
In addition, a positive increase in cognitive measures 
indicated a gain in mental age of 4.2 months at follow-
up. These findings were independent of seizure response 
to VNS therapy, indicating a potential additional treat-
ment benefit from VNS therapy to patients with LGS. 
Two-year follow up of 19 children (aged 7 to 18 years) 
with LGS or Lennox-like types of epilepsy, mental retar-
dation, and multiple seizure types, along with a high 
seizure frequency, showed that four patients had a sei-
zure frequency reduction of at least 50% (34). One 
patient remained seizure free 2 years postimplantation. 
Atypical absence seizures responded better to VNS than 
other seizure types; moreover, higher baseline seizure 
frequency, the lowest quantity of interictal epileptic 
activity, and the highest baseline mental level seemed 
to predict a higher response rate. A mild improvement 
in mental age, though modest, and a positive effect on 
behavior that was independent of seizure control were 
seen over time. However, unlike some studies that show 
increased effectiveness over time with VNS therapy, 

the duration of treatment in this small study did not 
appear to increase VNS efficacy among this group of 
patients.

A case study by Buoni et al (10), however, indi-
cated that the ability of VNS to reduce seizure frequency 
among patients with LGS may require extended periods 
of treatment before positive outcomes are observed. A 22-
year-old man with LGS reported no reductions in seizure 
frequency for 1 year of VNS therapy, although improve-
ments in alertness and appetite were achieved. But by 
3 years, the patient’s seizures abruptly disappeared, and 
his EEG was borderline normal without any changes in 
drug therapies or stimulation parameters.

Three separate cases of the use of VNS therapy 
among patients with ring chromosome 20 have been 
reported in the literature (40, 89, 90). In 2002, the first 
report of a girl aged 6 years indicated that VNS may be 
successfully used to treat the medically refractory gen-
eralized clonic epilepsy characteristic of this disorder, 
which also is marked by developmental delay (90). After 
receiving VNS therapy, the child became free of seizures 
and remained seizure free 9 months postimplantation. 
Moreover, the child was reported to have an increased 
level of alertness and less lethargy, and, after 4 months of 
VNS treatment, spontaneous vocalization was reported. 
The achievement of new developmental milestones after 
the initiation of VNS therapy was encouraging. A sec-
ond report of a male implanted with a VNS device at 
the age of 8 years also showed a good response to VNS 
therapy (40). Seizures began at the age of 5 years, and 
the patient was experiencing numerous absence and 
nocturnal tonic-clonic seizures as well as nonconvul-
sive status epilepticus at the time of VNS implantation. 
Following initiation of VNS, seizure frequencies were 
eventually reduced to only occasional nocturnal epi-
sodes and some previously lost skills were reacquired, 
including ambulation, eye contact, social smiling, and 
improved mood. The third report was a 14-year-old 
male with ring chromosome 20 syndrome who was 
also diagnosed with LGS and experiencing a range of 
seizure types and severe impairment of cognitive func-
tions. However, he did not show similar results to those 
reported previously (90). Following implantation of the 
VNS device at the age of 11 years, the child experi-
enced a 50% reduction in seizure frequency. However, 
tonic seizures during sleep and secondary generalized 
seizures continued at a rate of 1 to 3 seizures per day. 
At age 13 years, a corpus callosotomy was performed 
with no additional benefit in terms of seizure frequency 
reduction, but some reduction in seizure severity was 
achieved. An increase in behavioral problems, fear 
attacks, and visual hallucinations began after calloso-
tomy. These case reports suggest, therefore, that earlier 
use of VNS therapy among patients with ring chromo-
some 20 syndrome may be more beneficial.
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Mental Retardation/Developmental Delay

Mental retardation or developmental delay (MR/DD) 
often co-occur among patients with epilepsy, and the 
causal relationship between these disorders is com-
plex (91). Both the seizures caused by the epilepsy and 
the AEDs used to treat the epilepsy are, however, known 
to potentially exacerbate delays in development, which 
can complicate treatment among this patient population. 
The likelihood of additional behavioral and psychiat-
ric disorders, which are estimated to be about sevenfold 
higher among this population, also further complicates 
the treatment regimen (91). Moreover, the increased use 
of polytherapy among this population is indicative of 
the large number of patients with MR/DD experienc-
ing refractory seizures (92, 93). Therefore, VNS therapy 
may be an attractive treatment option among patients 
with developmental and behavioral comorbidities in 
addition to epilepsy, because VNS therapy may reduce 
the frequency of seizures without the pharmacologic side 
effects or interactions of additional drug therapy. Another 
potential benefit is the fact that VNS therapy is delivered 
automatically, meaning that compliance and caregiver 
reliance for treatment are minimized, which is particu-
larly attractive for this patient population because many 
are unable to care for themselves.

Studies of the effects of VNS therapy among patients 
with MR/DD show success with VNS therapy (24, 93, 94). 
A retrospective study by Andriola and Vitale (24) of 21 
mildly to severely affected MR/DD patients (age range, 
3 to 56 years; 5 patients �16 years) with a range of 
seizure types and etiologies showed VNS therapy to be 
both effective and well tolerated. Seventy-one percent 
(15 of 21) saw some degree of change for the better in 
seizure frequency or severity. Of the 16 patients who had 
known pre- and postoperative seizure data available, all 
of them had some degree of seizure reduction reported, 
with 11 (68%) having at least a 50% reduction. One 
patient with secondary generalized seizures became sei-
zure free and remained that way at 3 years postimplant. 
Improvements also were reported by caregivers for many 
areas of the patients’ functional status, including alert-
ness, mood, and daily task participation. In addition, such 
improvements were not always associated with decreases 
in either seizures or AEDs.

Similar findings were found by Gates et al (94) in 
a retrospective study comparing outcomes of patients 
receiving VNS therapy living in residential treatment 
facilities (RTFs) with those not living in RTFs. Despite 
numerous statistical differences in the demographics and 
medical histories found between the 86 RTF (age range, 
7 to 59 years) and 690 non-RTF (age range, 2 to 79) 
patients, the 12-month responder rates (
50% reduction 
in seizure frequency) for the two groups were similar at 
55% and 56%, respectively. Patients in both groups were 

reported to have some degree of improvement in alertness, 
verbal communication, memory, achievement at school 
or work, mood, postictal period, and seizure clustering, 
with more improvements reported at 12 months than 
at 3 months, thereby indicating a cumulative effect of 
VNS therapy.

A more recent, prospective study among 40 patients 
institutionalized with MR/DD and followed for 
2 years of VNS therapy confirmed that VNS was an 
effective treatment option for this population (93). 
Most patients (34 of 40) had some reduction in seizure 
frequency. More notable, however, is the fact that this 
group experienced fewer epilepsy-related hospitaliza-
tions after receiving VNS therapy, and postictal recov-
ery periods were reduced among 75% of the patients. 
Furthermore, the quality of life for these patients was 
improved by significant improvements at both 1 and 
2 years in attention span, word usage, clarity of speech, 
standing balance, ability to wash dishes, and ability to 
perform household chores. Other areas of improvement 
included an increase in their ability to dress themselves, 
interact with their peers, express themselves nonver-
bally, and perceive auditory and visual stimuli.

All of these studies to date indicate that VNS therapy 
was well tolerated and did not introduce the central ner-
vous system or cognitive side effects that commonly occur 
when a new AED is added to a treatment regimen (24, 93, 
94). Reported side effects were minimal and manageable 
with changes in stimulus parameters. In addition, the 
surgery was less invasive and thereby more tolerable than 
other epilepsy surgeries. However, wound tampering can 
be a potential problem with this patient population. One 
patient in the Andriola et al (24) study was explanted 
as a consequence of self-inflicted wound infection. This 
patient was reimplanted and extra measures (extensive 
bandages over the implant site and additional barriers) 
were taken to prevent wound tampering until after the 
implant incisions had healed. As discussed earlier, a sec-
ond option to prevent wound tampering would be an 
interscapular placement of the generator (22).

Tuberous Sclerosis Complex, Autism, and 
Landau-Kleffner Syndrome

A retrospective, multicenter, open-label study of 
10 patients (mean age of 13 years) with tuberous sclerosis 
complex (TSC) receiving at least 6 months of VNS ther-
apy (with a mean of 22 months) found a high response 
rate to VNS therapy, with 9 out of 10 patients experienc-
ing at least a 50% reduction in seizure frequency (81). 
More notably, 5 of the 10 patients experienced a more 
than 90% reduction in seizure frequency. In addition, 
three patients were reported to be more alert by their 
parents and teachers, two were reported to have briefer 
seizures, and one was reported to have less-intense sei-
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zures in addition to the reduction in seizure frequency. A 
patient diagnosed with an autism spectrum disorder in 
addition to TSC also was reported to have an 80% reduc-
tion in injurious behavior after the start of VNS therapy. 
These results were not countered by any major complica-
tions or side effects. In addition, the high response rate of 
patients with TSC receiving VNS therapy, compared with 
patients of similar age and seizure frequencies who were 
also receiving VNS therapy but did not have TSC, indi-
cated that this patient population may be more responsive 
to VNS therapy. However, the small number of patients 
involved in this study was not enough to determine any 
statistical significance between responses among the TSC 
and non-TSC groups.

Preliminary data also suggest that VNS therapy may 
be effective among patients with epilepsy and either autism 
or Landau-Kleffner syndrome (LKS), which are both 
childhood disorders known to co-occur with epilepsy (82). 
Among 6 patients with LKS, 3 experienced a reduction 
in seizure frequency of at least 50% at 6 months of VNS 
therapy. Of 59 patients with autism, 58% experienced at 
least a 50% reduction in seizure frequency at 12 months. 
More notable, however, were the reported improvements 
in quality of life, particularly in the area of alertness; 4 of 
6 children with LKS and 76% of the children with autism 
were reported more alert at 6 and 12 months, respectively. 
Therefore, the benefit of VNS therapy for patients with 
such disorders may extend beyond or be independent from 
seizure frequency reductions.

Hypothalamic Hamartomas

A small study of six pediatric patients (�16 years) with 
hypothalamic hamartomas and refractory epilepsy indi-
cates that VNS therapy may have the ability to inde-
pendently improve behavior and, to a lesser extent, 
decrease seizure frequency or severity in this patient 
population (95). Three of the six patients experienced 
some degree of seizure control. However, the immediate 
and notable improvements in behavior among four of the 
patients characterized as having severe behavioral prob-
lems are of particular interest. Such behavioral improve-
ments were seen independent of seizure control and were 
dependent on ongoing stimulation. One patient who had 
the generator turned off for a 2-week period for stereo-
tactic surgery had the injurious and antisocial behavior 
return in the absence of VNS therapy. Those behaviors 
once again subsided when stimulation was restarted.

Status Epilepticus

Four pediatric patients (83, 84) and one adult patient 
(85) have seen a complete cessation of status epilepticus 
upon initiation of VNS therapy. As reported in a case 
report by Winston et al (83), a 13-year-old boy was 

implanted with the vagus nerve stimulator 15 days 
after being admitted to the hospital for pharmacoresis-
tant generalized convulsive status epilepticus. While he 
was hospitalized, his condition continued to deterio-
rate despite numerous pharmacologic treatments. The 
patient also had previously undergone a 90% anterior 
corpus callosotomy, which had been followed by the 
return of seizures up to 80% of the preoperative fre-
quency. Immediately following the initiation of stimula-
tion in the operating room, the child’s refractory status 
epilepticus ceased. Over the next year and half, the sta-
tus epilepticus never reappeared, the rate and sever-
ity of seizures significantly decreased with little or no 
postictal phase, and the patient’s neurologic condition, 
nutritional state, and quality of life all improved.

Another case series presented by Malik et al (94) 
reports on three children (aged 14 months to 10 years) 
who also presented with pharmacoresistant status epilep-
ticus and who were emergently implanted with the VNS 
device. All three children experienced complete resolu-
tion of the status epilepticus and continued to have a 
marked reduction in seizure frequency at their 8-week 
follow-up visit. The seizure types varied for each of these 
three patients, with one experiencing atonic, hypomotor, 
and partial seizures; another atonic, general tonic-clonic, 
and myoclonic seizures; and the third, multifocal-onset 
seizures. A 30-year-old man who presented with pharma-
coresistant status epilepticus and was placed in a pento-
barbital coma also experienced a cessation of seizures and 
remained seizure free 19 days postimplantation. These 
preliminary case reports suggest that VNS therapy should 
be considered as a nonpharmacologic treatment option 
among children with pharmacoresistant status epilepticus 
independently of seizure type.

SAFETY

Adverse Events

Adverse events reported with VNS therapy are generally 
transient and mild, and are often related to the duration 
and intensity of stimulation. Serious adverse events have 
not been reported with standard therapy, and no patients 
have died or had a higher mortality risk as a result of 
VNS therapy (96). The most common adverse events 
reported during the clinical trials were mild hoarseness 
or voice alterations, coughing, and paresthesia (primarily 
at the implant site and decreasing over time) and were 
not considered clinically significant (4, 18, 70, 71). Other 
adverse events reported less frequently during these stud-
ies include dyspnea, pain, headache, pharyngitis, dyspep-
sia, nausea, vomiting, fever, infection, depression, and 
accidental injury (4, 70, 71). Not all of these events were 
related to VNS therapy. Outside of the clinical trials, 
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occasional reports of additional adverse events such as 
shortness of breath (3) and vocal cord paresis (97) have 
been reported, but did not result in discontinuation of 
therapy. Many of the side effects initially reported with 
VNS therapy, such as lower facial weakness and lead 
breaks, have been resolved. Adverse events associated 
with the implant surgery are discussed earlier in the chap-
ter in the description of the implantation procedure.

Generally, the side effects associated with VNS 
therapy are well tolerated and not prohibitive to patients 
receiving this adjunctive treatment (28). Moreover, many 
of the side effects tend to diminish or disappear altogether, 
as patients adjust to the stimulation therapy. If side effects 
persist or are bothersome to the patient, reductions in stim-
ulation intensity or frequency oftentimes alleviate the side 
effects, most of which occur only during active stimulation 
(98). Overall, the mechanisms of action of VNS therapy 
are different from those of traditional AED therapy and, 
therefore, produce a unique side effect profile that does not 
cause the cognitive, sedative, visual, affective, or coordina-
tion side effects typically associated with AEDs.

Pediatric Safety

Pediatric patients seem to have a higher tolerance for the 
treatment. Technical complications (99) and pain at the 
implant site (17) have been reported among some pedi-
atric patients. However, the smaller and lighter design 
of the current Model 102 generator has reduced some 
of these types of complications. Increased salivation 
(19, 73, 100) and increased hyperactivity (19) have been 
reported for pediatric patients. Zamponi et al (17) also 
reported increased salivation and asthenia in one pediat-
ric patient who was switched to rapid-cycling stimulation 
parameters; these events ceased once standard cycling was 
resumed. Lundgren et al (100) reported swallowing dif-
ficulties among two severely impaired pediatric patients 
with a history of swallowing difficulties. However, a study 
of eight patients without a history of swallowing diffi-
culties by Schallert et al (101) showed that VNS therapy 
did not put patients at an increased risk of aspiration. 
Overall, the side effects reported for pediatric patients 
are often mild and transient, and not a contraindication 
to VNS therapy for this patient population.

Device Safety

Safety features are built into the VNS therapy system to 
protect patients from stimulation-related nerve injury. 
The primary safety feature is the “off switch” effect of 
the magnet. If a patient begins to experience continuous 
stimulation or uncomfortable side effects as a result of 
VNS therapy, the magnet can be held or taped over the 
generator to stop stimulation until the patient can visit 
the physician. A watchdog timer also is programmed into 

the device to monitor the number of pulses a patient 
receives. If a certain number of pulses is delivered without 
an Off time, the device will turn itself off to prevent excess 
stimulation from potentially causing nerve injury.

Procedures such as diathermy and full-body MRI 
scans, which have the potential to heat the device leads 
around the vagus nerve and thereby result in either tem-
porary or permanent tissue and nerve damage, are contra-
indicated among patients receiving VNS therapy. Patients 
requiring an MRI should have the procedure performed 
with a head coil, which has been done successfully in VNS 
therapy patients (102). Of 27 MRI scans performed among 
25 patients across 12 centers, 24 scans were performed 
with the VNS device turned off as recommended by the 
manufacturer. No stimulation was induced either during 
these scans or during the three scans performed with the 
device remaining in the on position. One child (age 11) 
reported chest pain while experiencing severe claustropho-
bia during the scan, and one patient had a mild objective 
voice change lasting several minutes (102). A successful 
body-coil MRI with the use of an ice pack over the area of 
the device leads was reported for three patients receiving 
VNS therapy, but is not recommended by the manufacturer 
(103). As recommended by the FDA, any instructions for 
MRI imaging that may be in the labeling for the implant 
should be followed exactly, and information on the types 
and/or strengths of MRI equipment that may have been 
previously tested for interaction with the implanted device 
should be noted (104). And because leads or portions of 
leads are sometimes left in the body among patients who 
have had the pulse generator explanted, it is important to 
get information regarding previously implanted devices, 
as the remaining leads could possibly become heated and 
damage the surrounding tissue (104). A bench study also 
supported anecdotal evidence that the VNS therapy mag-
net may inadvertently adjust the settings of programmable 
shunt valves commonly used to treat hydrocephalus (105). 
Therefore, physicians should be aware of the possibility of 
potential device interactions as the development and use of 
other implantable devices continues to evolve (105).

CANDIDATE SELECTION

Because the mechanisms of action are not well defined, 
the selection of patients for VNS therapy does not follow 
a clear set of guidelines. In addition, the clinical trials 
for VNS therapy could not distinguish any correlation 
between patient response and seizure type or etiology, age, 
sex, frequency of seizures, or frequency of interictal spikes 
on EEG (106) from which to generate any obvious can-
didate selection criteria. The number of coadministered 
AEDs or seizure types (78–80) or the type of coadminis-
tered AEDs (107) are not predictors of response, either. 
Therefore, as with AED therapy, there are currently no 
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markers to predict the success of VNS therapy on a case-
by-case basis. The safety and effectiveness of this treat-
ment, achieved without the common adverse side effects 
associated with traditional AED therapy, and the fact that 
VNS therapy is reversible if a patient does not respond, 
make VNS therapy an attractive adjunctive treatment 
option for patients with refractory epilepsy who are not 
surgical candidates. VNS therapy is particularly attrac-
tive for the pediatric population, given the added benefit 
of the freedom from compliance issues associated with 
this therapy (108). Figure 64-9 shows a suggested treat-
ment sequence flowchart that can be helpful in determin-
ing which palliative surgical procedures to chose when 
patients are experiencing refractory seizures.

Patients of any age should be considered for VNS 
therapy if they experience seizures refractory to other 
therapies, including AEDs, the ketogenic diet, and epilepsy 
surgery. Preliminary data suggest that patients treated with 
VNS therapy earlier in the course of their epilepsy (i.e., 
when seizures fail to respond to treatment with two or 
three AEDs within 2 years of epilepsy onset) may have 
a higher response rate to treatment (109). Early use of 
VNS therapy in treatment-resistant children would fur-
ther allow physicians to decrease the negative side effects 
associated with AED therapy, which are compounded 
after long-term use and known to hinder development in 
this population (89, 110). Earlier use may also improve 
response to VNS therapy among the pediatric population 
because of a higher degree of neuronal plasticity at an early 
age that has the potential for permanent damage from 
long-term epilepsy (78). Earlier use of VNS therapy during 
the course of pharmacoresistant epilepsy (�6 years) also 
has been shown to be twice as likely to eliminate seizures 
than when VNS was initiated among patients who had 
been experiencing for 6 or more years, which reinforces 
the view that lesser cumulative seizure loads may improve 
patients’ chances for recovery (111).

Precautions should be taken with patients predis-
posed to cardiac dysfunction and obstructive sleep apnea 
(OSA), because stimulation may increase apneic events, 
and chronic obstructive pulmonary disease may increase 
the risk of dyspnea (112, 113). A study by Nagarajan et 
al showed that seven of eight children (aged 4 to 16 years) 
receiving VNS therapy had respiratory pattern changes 
during sleep, but these changes were not associated with 
significant hypoxia or hypercapnia (114). Also, no apnea 
or hypopnea indexes were in the abnormal range. Although 
the changes in respiratory patterns during sleep appear to 
be mild, care should be taken when using VNS therapy 
among those with sleep apnea syndromes or compromised 
respiratory function, because vagal afferents influence 
respiratory control centers (113, 114). Lowering the stimu-
lus frequency or increasing the Off time may prevent exac-
erbation (112, 114). It is not known whether the effects of 
VNS on sleep-related breathing diminish over time (113). 

The daytime effects of the altered nighttime breathing pat-
terns also are not clear, because VNS has been shown both 
to facilitate and to inhibit REM sleep (115). A case report 
by Holmes et al (116) showed that an adult patient began 
experiencing sleep apneas and arousals associated with 
the intermittent VNS stimulation patterns, which led to 
the development of excessive daytime sleepiness. However, 
reports by Rizzo et al (115, 117) on a broader sample of 
10 patients show that sleep modifications induced by VNS 
therapy among patients with refractory epilepsy actually 
enhance sleep EEG power, reduce rapid eye movement 
sleep, and improve daytime alertness. A study by Malow 
et al (112) among 16 patients receiving VNS therapy also 
showed an improvement in daytime sleepiness independent 
of seizure frequency control.

Patients who have undergone a bilateral or left cervi-
cal vagotomy are not considered candidates for VNS ther-
apy (11). Evaluation by a cardiologist is recommended 
for patients with a personal or family history of cardiac 
dysfunction. If clinically indicated, Holter monitoring and 
electrocardiograms also should be done before implant.

COST EFFECTIVENESS

Previous cost analyses for VNS therapy indicate that 
the initial costs of VNS are offset over time by reductions 
in health care costs and hospital admissions following 
implantation (118–121). The reductions in economic bur-
den for both patients and society were seen even among 
patients with less than a 25% reduction in seizures, indi-
cating that even those without a substantial benefit in 
terms of seizure frequency reductions receive some ben-
efit from the device (118). Although the efficacy of VNS 
therapy has been shown to increase over time, a cost 
analysis study calculated from 18 months before to 18 
months after VNS device implantation showed that inten-
sive care unit and ward admissions decreased from the 
very start of treatment with VNS (118). From a financial 
standpoint, the economic argument against VNS therapy 
is weak, particularly considering the potential for mean-
ingful reductions in seizure frequency among patients 
with refractory epilepsy and the fact that efficacy remains 
and possibly increases over the long-term (119, 121). 
Therefore, the decision as to whether to proceed with 
VNS therapy for a patient population with few options 
should be made on the basis of clinical judgment rather 
than short-term costs (119).

CONCLUSION

VNS is emerging at the forefront of epilepsy treatments 
as a well-tolerated adjunctive therapy. With its minimal 
adverse side effects, lack of pharmacokinetic interactions 
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with drug therapies, negligible compliance issues, resid-
ual improvement in quality of life, and improved efficacy 
over time, VNS therapy may be particularly effective 
among special patient populations, including pediatric 
patients and patients with comorbid conditions. Use of 
VNS therapy, however, must be balanced against the 

necessity of surgery, although VNS therapy surgery is 
well tolerated. As our understanding of what character-
izes refractory epilepsy continues to evolve, adjunctive 
treatments such as VNS therapy will play an increas-
ingly larger role in improving the lives of patients with 
epilepsy.
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Economics of 
Pediatric Epilepsy

he economic aspects of epilepsy have 
received considerable attention in 
recent years. This interest has been 
generated by the need to contain the 

cost of medical care, allocate scarce research funds, and 
justify new therapies and health care services. There are 
two fundamental types of research on the economics of 
epilepsy: cost-of-illness and cost-benefit studies.

Cost-of-illness studies attempt to measure the eco-
nomic burden of epilepsy to society (1). They are used by 
advocacy groups to promote research and fund services, and 
by planning and policymaking groups to allocate resources. 
Such studies measure the amount and distribution of direct 
cost associated with medical care and social service items, 
such as drug costs and counseling, and indirect costs from 
the disability and premature mortality effects of epilepsy, 
such as lost earnings and productivity. Cost-of-illness stud-
ies may also examine the distribution of cost among patients 
with different types of epilepsy, such as intractable epilepsy 
versus remitting epilepsy, and in different stages of illness, 
such as new cases versus prevalent cases.

COST OF ILLNESS STUDIES

In cost-of-illness studies, direct cost includes three broad 
categories:

Charles E. Begley

 1. The cost of medical care, including professional ser-
vices, laboratory tests, medications, hospital care, 
medical supplies, and equipment

 2. Nonmedical direct cost, including social services and 
resources related to special education, transporta-
tion, and modifications to the residence

 3. Imputed costs of patients’ and caregivers’ time 
devoted to accessing care or providing care

Indirect costs of illness include the following:

 1. Loss of earnings associated with reduced employment
 2. Reduced earnings because of illness or reduced pro-

ductivity on the job
 3. The lost value of household production when people 

are unable to conduct household work
 4. The lost earnings because of productive years of 

life lost from increased mortality attributable to 
epilepsy; productive years are usually defined as 
ages 18 through 64; although the pediatric ages 
are not included, childhood-onset epilepsy may 
have an impact on the productive years of life as 
adults

Cost-of-illness studies vary in time perspective. Cross-
sectional studies present annual costs for prevalent cases. 
Longitudinal studies estimate the cost borne throughout 
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the lifespan for incident cases that occur in a given year. 
The longitudinal perspective is used to evaluate the
long-term effects of a new treatment. For example, to 
evaluate the economic effects of a new drug, one should 
estimate the lifetime impact on direct and indirect costs 
related to relapse seizures, side effects, future employment, 
and mortality. The cross-sectional perspective is useful for 
understanding the impact of a change in the healthcare 
delivery system. For example, the economic impact of man-
aging patients with primary care or specialty physicians 
can be assessed by comparing the direct and indirect costs 
of patients in different treatment settings.

COST-BENEFIT STUDIES

In contrast to cost-of-illness studies, which measure 
the total burden of disease in economic terms, cost-benefit 
studies are used to evaluate the economic impact of 
specific interventions in prevention, diagnosis and 
treatment, or rehabilitation (2). The main objective of 
cost-benefit studies is to compare specific therapies or 
systems of health care delivery in terms of their rela-
tive benefits and costs. Cost-benefit studies depend on 
a thorough understanding of the detailed costs of an 
intervention. In addition, they require data on the out-
comes of interventions. The following are examples of 
cost-benefit questions:

 1. A new drug or device is introduced with additional 
costs, more or less adverse side effects, more or less 
need for monitoring, but some gain in efficacy. What 
are the costs and benefits of the new therapy versus 
the old therapy?

 2. In a health care delivery system or network, what is 
the benefit of a neurologist versus a general practi-
tioner evaluating and treating first-seizure patients 
and at what additional cost? The cost-benefit evalu-
ation would apply to the accuracy of the diagnostic 
procedures and resulting patient outcomes, includ-
ing seizure control and adverse drug affects.

 3. What are the costs and benefits of specific tests 
such as magnetic resonance imaging (MRI) versus 
computed tomography (CT) scans in improving the 
accuracy of diagnoses in patients with epilepsy?

Economic studies of epilepsy are methodologically chal-
lenging. Cost-of-illness studies face unresolved issues 
regarding case definition, attribution of costs, and esti-
mation of nonmedical direct and indirect costs. There 
are standardized methods for conducting cost-benefit 
studies (3), but data limitations often prevent research-
ers from following all the recommended procedures. In 
epilepsy cost-benefit studies lack standardized measures 
of treatment outcomes.

HOW THE COST OF EPILEPSY IS MEASURED

Because the total direct and indirect costs of illness 
include many components, one must combine data from 
several sources to estimate these costs. Direct medical 
cost typically is determined either from utilization and 
billing records of patients (4, 5), patient or popula-
tion surveys (6), or simulated from a disease prognosis 
models (7, 8). Data collection studies may be prospective 
or retrospective. Nonmedical direct cost is more difficult 
to measure but can be obtained for pediatric epilepsy 
through interviews with caregivers of a representative 
sample of patients and families. Indirect cost is measured 
by comparing unemployment rates, lost work due to sick 
days, reduced productivity at home and at work, and 
lost work and household production due to premature 
mortality for people with epilepsy compared with the 
general population. National age- and sex-specific earn-
ings data, available from the U.S. Bureau of the Census 
and the Bureau of Labor Statistics, are used to estimate 
lost earnings. The indirect costs related to differences in 
employment and wages may have to be inferred from 
information about the educational achievement of chil-
dren. Age-specific person years of productive life lost 
can be determined from studies that measure the excess 
mortality in individuals with epilepsy.

CASE DEFINITION FOR PEDIATRIC 
COST STUDIES

Cost-of-illness estimates are strongly influenced by the 
case definition used. If cases of epilepsy are restricted to 
patients with recurrent unprovoked seizures that typi-
cally are seen in referral centers, then only 1 percent of 
children will be affected by their eighteenth birthday. 
However, should single unprovoked seizures, which occur 
in approximately 0.3 percent of children per year, be 
included in cost of epilepsy studies? The first seizure, if the 
patient is identified at that time, is when the major diag-
nostic workup occurs, and it is a significant direct medical 
cost. However, many of these children never receive a 
diagnosis of epilepsy. For this reason, a practical defini-
tion would include all cost from the second recognized 
seizure in the general population.

Cost related to the diagnosis and treatment of 
febrile convulsions have not been included in the cost 
of epilepsy. Even though the direct and indirect cost per 
febrile seizure case usually are low, the large number, four 
percent of all children, who have such seizures, would 
greatly increase the pediatric cost of epilepsy if febrile 
convulsions were included. Approximately 0.5% of all 
children experience acute symptomatic seizures—seizures 
related to transient central nervous system insults, the 
most common of which in children are traumatic brain 
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injury, encephalitis, and perinatal insults. The cost of these 
seizures is not included in the cost of epilepsy studies and 
is more appropriately considered part of the cost of the 
underlying causes. In addition to children found to have 
had epilepsy or seizures, there are many who have symp-
toms suggestive of seizures and incur direct medical cost 
as a result. Cost of epilepsy studies tend to exclude this 
sizable population as well.

SEPARATING THE COST OF EPILEPSY FROM 
THAT OF OTHER ILLNESSES

Some pediatric epilepsy patients have severe comorbidi-
ties, especially cerebral palsy and mental retardation, 
that contribute to their direct medical and indirect cost 
because of potential unemployment and excess mortal-
ity. If the cost of epilepsy is to be separated from that 
of other illnesses, one must determine what proportion 
should be reasonably attributed to epilepsy. In cases of 
severe neurologic deficits, presumably present from birth 
(i.e., preceding the epilepsy), only the cost related to the 
seizure disorder should be attributed to epilepsy. If all the 
direct and indirect costs in children with severe neurologic 
deficits and epilepsy are attributed to epilepsy, the total 
cost of pediatric epilepsy is greatly inflated in the portion 
of cost incurred by children with neurologic deficit (6). 

To avoid this problem, only the direct cost related to the 
management of seizures in these children should be attrib-
uted to epilepsy. Likewise, in cases of postnatal acquired 
epilepsy—mainly traumatic brain injury, central nervous 
system infections, and intracranial tumors in children—
only those components of direct cost related to seizures 
should be included. There is a small but, in terms of 
cost, very important group of children with catastrophic 
epilepsy of childhood in whom the other disabilities may 
be a product of epilepsy.

STUDIES OF THE COST OF EPILEPSY

A number of recent studies have estimated the direct med-
ical care cost of epilepsy in people of all ages (5, 9–12). 
One study in Italy provided separate cost estimates for 
children. Table 65-1 indicates a range for annual direct 
medical care cost of $126 to almost $2,000 per person 
for inactive cases and $800 to over $3,000 per year for 
active cases. The range reflects variation in medical care 
prices and treatment patterns in epilepsy as well as meth-
odological differences used in the studies. Because of data 
limitations, most studies do not address the non-medical 
direct or indirect costs of epilepsy.

Estimates of incidence-based cost come from three 
studies (13–15) (Table 65-2) and indicate first-year 

TABLE 65-1
Prevalence-Based Estimates of the Annual Cost of Epilepsy

  TETTO ET AL,  GUERRINI ET AL, JACOBY ET AL, COCKERELL ET AL, VAN HOUT ET AL,
STUDY 2002 (9) 2000 (10) 1998 (11) 994 (NES) (5) 1997 (12)

Country Italy Italy UK UK France, Germany, UK

Population 525 all ages 189 youth  785 all ages  1,628 all ages  300 adults
   (age 0–18)    (age 18–65)

Case selection Referral  Referral  General  General  Referral population
  patients  patients  population  population

Study design Prospective Prospective Retrospective Retrospective Retrospective

Direct cost  $420 inactive $851 inactive $243 inactive $126 inactive $1,748 inactive
 per person 
 per year

 $1,657 active  $1,104 active $1,238 active $803 active $3,208 active
  non drug-resistant  non-drug-  �1 seiz\mo  (at least one  (ranging from
   resistant   seizure in prev   �1\mo to �1\day)
     two yrs)

 $2,240 active  $3,256 active $2,288 active  
  drug-resistant   drug-resistant  �1 seiz\mo  
  cases 

 Reproduced from Begley and Beghi (1).
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medical costs ranging from $917 to over $3,000 per per-
son and subsequent-year costs 60–70% below first-year 
cost, reflecting the large number of cases that achieve 
remission and the lower level of cost for maintenance 
therapy compared to initial therapy at onset. The most 
significant cost-driving factor in epilepsy is severity, 
expressed as seizure frequency. Costs do not appear to 
vary significantly among different epilepsy syndromes, 
nor across age groups or by gender.

THE TOTAL COST OF EPILEPSY

A study was conducted to estimate the total cost of epi-
lepsy in the United States in 1995 (16). A model was 
constructed that considered the annual number of cases, 
the variable prognosis of epilepsy for three different 
groups, the variation in the use of services and medica-
tions by prognostic group and time from the diagnosis, 
and per case estimates of direct cost and indirect cost. 
The estimated U.S. lifetime cost, based on 1995 incidence 
cases, was $11.1 billion; the total annual cost, based on 
2.3 million prevalent cases, was $12.5 billion. Indirect 

costs account for 85% of the total and concentrated in 
people with intractable epilepsy.

The distribution of direct costs of prevalent cases 
by age and type of epilepsy is presented in Table 65-3 in 
1995 dollars. These include the cost of emergency ser-
vices, inpatient hospitalizations, outpatient visits, diag-
nostic procedures, laboratory tests, antiepileptic drugs 
(AEDs), and surgery. The largest direct cost item was 
AEDs, which accounted for almost 31% of the cost of 
epilepsy. Hospital admissions were second, accounting 
for 24% of total costs, and outpatient physician visits 
were third, with 8% of costs.

COST-BENEFIT STUDIES OF 
ANTIEPILEPTIC DRUGS

AED therapy, either monotherapy or polytherapy, is the 
mainstay of treatment for people with epilepsy. Approxi-
mately 60% to 70% of people with epileptic seizures 
are able to control their seizures quite well with drug 
therapy. Since 1993, there has been a dramatic increase in 
the number of new AEDs available in the United States, 

TABLE 65-2
Incidence-Based Estimates of the Annual Cost of Epilepsy

  COCKERELL ET AL, DE ZELICOURT BEGLEY

STUDY 1997 (NGPSE) (13) ET AL, 1996 (14) ET AL, 2000 (15)

Country UK France US

Population 602 all ages  1,942 all ages  500 all ages
Case selection General General General
Study design Prospective Prospective Retrospective
Direct cost per  $917 in year 1 $2,432 in year 1 $3,157 in year 1
person per year
  $282 in year 4 $640 in year 2 $702 in year 2
  $254 in year 8  $471 in year 3
    $411 in year 4

TABLE 65-3
Annual Direct Costs for 1995 by Age and Type of Epilepsy

  AGE 0–14 YR AGE 15–64 YR AGE 65� YR ALL AGES

Prognostic Group
 Inactive 165,287 (9.8) 532,967 (31.6) 252,991 (15.0) 951,245 (56.3)
 Active  64,091 (3.8) 526,221(31.2) 146,735 (8.7) 737,047 (43.7)
  229,378 (13.6) 1,059,118 (62.7) 399,726 (23.7) 1,688,292 (100.0)

Source: Begley et al 2000 (16).
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including felbamate, gabapentin, lamotrigine, levetirace-
tam, oxcarbazepine, pregabalin, tiagabine, topiramate, 
and zonisamide.

All second-generation AEDs have been approved as 
add on therapy for patients with partial epileptic seizures, 
and three of them have been approved as add-on therapy 
for patients having generalized epileptic seizures. Most 
of the second-generation AEDs have been approved for 
children as well as adults, and four (felbamate, lamotrig-
ine, oxcarbazepine, and topiramate) are approved for 
monotherapy. Because the new-generation drugs are
much more expensive than earlier drugs, the cost-benefit 
ratio of these agents is a topic of ongoing debate (17) 
(Table 65-4).

A cost-benefit framework has been applied to evalu-
ate the economic impact of the second-generation AEDs (2). 
The cost-benefit analysis compares the cost of treatment 
with one therapy type compared with another interven-
tion, such as a first-generation AED versus a second-
generation AED. It then compares the effects, expressed 
in a clinically relevant outcome measure or patient-based 
outcome measure, reflecting the benefit of the therapy. To 
carry out the study in the cost-benefit framework, several
versions of analysis can be performed: cost-minimization 
analysis, cost-effectiveness analysis, and cost-utility anal-
ysis. These approaches differ slightly in terms of the data 
required to perform the economic evaluation of the new 
therapies.

Cost-benefit studies have compared the first- and 
second-generation AEDs in monotherapy. These studies 
indicate that the overall treatment costs for new patients 
with epilepsy are relatively low compared to the costs 
of other major chronic diseases. To date, the data also 
indicate that the first-generation AEDs are more likely 
to be cost-effective in monotherapy for new patients, but 
the results are uncertain. The acquisition costs for first-
generation AEDs are significantly cheaper, but the cost 
differences, when considering rates and severity of adverse 
effects and tolerability, narrow the gap, indicating that 
payors should take into consideration these treatment cost 
differences as well as acquisition cost differences (2, 17).

Cost-benefit studies comparing first- and second-
generaltion AEDs as adjunctive therapy illustrate that epi-
lepsy is indeed a costly disorder for people with refractory 
seizures. They also illustrate that the second-generation 
AEDs are generally both more effective and more costly 
as adjunctive therapy—that is, they add cost, but they 
improve outcomes for refractory patients. Therefore, bal-
ancing of the additional cost versus the additional gain or 
additional benefit of newer AEDs becomes complicated. 
Patients have fewer adverse effects and drug interactions 
from the second-generation AEDs, which can significantly 
lower adverse-effects treatments. Last, second-generation 
AEDs appeared to be cost effective at a threshold level 
of about $40,000 per quality-adjusted life year, which is 
under the $50,000 gold standard (17).

TABLE 65-4
Acquisition Costs of First- and Second-Generation AEDs

  COMMON MAINTENANCE  2003 ACQUISITION 2004 ACQUISITION

AEDS DOSAGE (MG/DAY) COST/MONTH COST/MONTH

Second-Generation AEDs   
 Zonisamide 100–600 63–375 65–387
 Oxcarbazepine 600–2,400 102–192 105–198
 Tiagabine 36–64 111–195 115–201
 Levetiracetam 1,000–3,000 118–348 122–359
 Felbamate 1,800–3,600 144–287 149–296
 Gabapentin 900–3,600 155–195 160–201
 Lamotrigine 300–500 174–262 180–271
 Topiramate 200–400 206–267 213–276
 Pregabalin NA NA NA

First-Generation AEDs 
Phenobarbital 60–240 �5–32 �5–33

 Phenytoin 300 28 29
 Ethosuximide 500–1,500 62–185 64–191
 Carbamazepine 800–1,600 68–136 70–140
 Valproate 750–2,250 90–159 93–164
 Primidone 750–1,500 NA  NA

Source: Begley 2005 (17).
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Additionally, second-generation AEDs as add-on 
therapy may be no more expensive than first-generation 
AEDs as add-on therapy and appear to be cost effective 
in the long term. This is particularly true when consid-
ering the possible reduction in surgical evaluation and 
surgery. Some second-generation AEDs may be more cost 
effective than others, and although there are several studies 
comparing them, the studies are limited and the results 
are inconclusive (2, 17).

CONCLUSIONS

The total direct cost of all pediatric epilepsy and unpro-
voked seizure cases in the United States in 1995 was 
estimated to be approximately $230 million, represent-
ing 14% of total direct costs for all ages. The cost per 
case was $726, but this reflects the cost of cases with 
inactive as well as active epilepsy. Compared with other 

cross-sectional prevalence-based studies, these estimates 
appear to be conservative. Presumably, this difference 
is largely due to the inclusion of only those direct costs 
that can reasonably be attributed to epilepsy rather than 
comorbidities.

Although the second-generation AEDs tend to be 
more costly, they also potentially offer cost savings if 
patients become seizure free, experience fewer adverse 
effects from their drugs, or require less monitoring of the 
newer drugs. It appears from the preliminary studies that 
the second-generation AEDs have most economic value 
as add-on therapy in refractory patients and therefore 
need to be carefully evaluated to determine their value as 
monotherapy in new patients.
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Quality of Life in Children 
with Epilepsy

ecent changes in health care have 
led to an increased emphasis on 
documenting outcomes of care. In 
childhood epilepsy, the goal of care 

has traditionally been optimal seizure control. Recently, 
however, with the increased recognition of the importance 
of quality-of-life outcomes in the treatment of chroni-
cally ill children (1), there has been an impetus to assess 
the quality of life in children with epilepsy. This chapter 
provides a general introduction to health-related qual-
ity of life (HRQOL) in children and adolescents with 
epilepsy.

Although references to HRQOL per se are relatively 
new in the field of pediatric epilepsy, there has been long-
standing interest in issues relevant to the quality of life 
of the child with epilepsy. For example, the emotional, 
learning, and social problems experienced by children 
with epilepsy have been a concern to clinicians, and these 
problems are related to quality of life in these children. 
Moreover, a clinician’s asking “How are you doing?” can 
be viewed as an attempt, albeit unrefined, to assess qual-
ity of life in the clinical setting (2). The recent emphasis 
on quality-of-life outcomes, however, has led to a need for 
more formal or systematic approaches to the assessment 
and treatment of the quality of life of children with epi-
lepsy. A relatively formal approach to HRQOL is the focus 
in this chapter. Major areas addressed are core domains, 

Joan K. Austin
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quality-of-life problems, measurement of quality of life 
in the clinical setting, and clinical interventions.

HEALTH-RELATED QUALITY OF LIFE

Core Domains

Although definitions of health-related quality of life in 
the literature are inconsistent (3), there is general agree-
ment that it refers to a patient’s (and sometimes his or her 
caregiver’s) perceptions of the patient’s state of function-
ing and well-being across multiple areas of concern (4, 5). 
In children these domains most commonly include those 
related to physical, psychologic, and social functioning 
and well-being (4). There also is general consensus that, 
in the measurement of HRQOL, information should be 
included that is disease specific or relevant to the child’s 
particular condition and that addresses both the impact 
of the condition and the effects of treatment. Finally, there 
is a growing agreement that both subjective perceptions 
and objective data related to the child’s quality of life are 
important (3, 4). Most studies investigating quality of life 
in children with epilepsy are consistent with these recom-
mendations in that a multidomainal approach is used and 
information specific to epilepsy is included. For example, 
Austin and colleagues (6, 7) conceptualized quality of life 
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around four domains: physical, psychologicl, social, and 
school. Information on seizure frequency was included 
in their measurement of the physical domain (6). In the 
process of developing a quality-of-life questionnaire for 
children with epilepsy, Ronen et al used focus groups to 
identify components of quality of life (8). They conceptual-
ized quality of life in five domains: the epilepsy experience 
(e.g., how seizures feel), life fulfillment (regular activities), 
social issues (e.g., stigma), impact of epilepsy (e.g., psycho-
logic), and “attribution” (concerns specific to epilepsy). In 
a final study Wildrick and colleagues (9) conceptualized 
quality of life in children with epilepsy in five domains: 
self-concept, home life (e.g., family relationships), school 
life, social activities, and medication (e.g., compliance).

For the purposes of this chapter, five domains rel-
evant to health-related quality of life in children with 
epilepsy are presented in Table 66-1 and described in the 
next section. The domains presented here are based on the 
literature on quality of life in epilepsy as well as in other 
chronic conditions and, although independent, are highly 
interrelated. The core domains represent a broad-based 
conceptualization of HRQOL in pediatric epilepsy. The 
first four domains focus on aspects of child function-
ing and well-being. Because the family environment is 
integral to child well-being, the final domain focuses on 
family adjustment related to the child’s epilepsy.

Epilepsy and Treatment

Assessment in this domain addresses epilepsy-specific 
information, including neurologic and cognitive func-
tioning and information on the nature of the epilepsy 
as well as effects of treatment. Information on physical 
functioning is not generally included in the assessment 
of quality of life because children with epilepsy should 
not have physical limitations as a result of their seizure 
condition. Much of the epilepsy-specific data would be 
routinely obtained in a clinical setting as a core component 
of medical care. Assessments made in establishing a diag-
nosis generally include a complete neurologic examina-
tion that provides information about possible neurologic 
deficits. Moreover, in diagnosing and classifying epileptic 
syndromes, information on the nature of patients’ seizures 
is collected. Once medications are prescribed, side effects 
also are regularly assessed. Thus, in the domain of epilepsy 
and treatment, only the information related to cognitive 
functioning, such as attention, memory, abstract reason-
ing, and psychomotor functioning, may not be routinely 
assessed in all children with epilepsy.

Psychologic

Two areas are covered in this assessment domain: emo-
tional status and feelings about epilepsy. Emotional status 
includes common behavioral problems experienced by 

TABLE 66-1
Quality of Life Domains for Pediatric Epilepsy

Epilepsy and Treatment

Neurologic functioning
Cognitive functioning

Attention, memory, abstract reasoning, 
 psychomotor functioning

Epilepsy syndrome
Seizure type, seizure frequency
Antiepilepsy medication effects

Physical, cognitive, and behavioral side effects

Psychologic

Emotional status
Happiness and satisfaction
Anxiety, depression, behavioral problems, and 
 psychiatric disturbance
Self-esteem

Feelings about epilepsy
Concerns and fears
Attitude toward having epilepsy
Perceptions of stigma

Social

Completion of age-appropriate psychosocial 
 developmental tasks
Satisfaction with family relationships
Peer relationships
Engagement in activities

Sports, clubs, hobbies, teams, organizations

School

Academic achievement
Learning problems
Adaptive characteristics

Works hard, behaves appropriately

Family

Seizure-management skills
Psychologic adjustment to epilepsy

Concerns and fears
Attitude toward epilepsy in child
Perceptions of stigma
Supervision of child’s activities

Leisure activity participation
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children who have any chronic physical condition and 
problems specific to epilepsy. Children with chronic neu-
rologic conditions, such as epilepsy, are more likely to 
experience emotional problems than are children with 
non-brain-related physical chronic conditions (10, 11). 
Therefore, it is critical that this domain include anxiety, 
depression, behavioral problems, and psychiatric distur-
bances. Based on Ware’s (12) recommendation that the 
full range of the health state be included in an assess-
ment of quality of life, positive aspects of psychologic 
well-being (e.g., happiness, satisfaction, and self-esteem) 
should also be assessed. The second area of this domain 
relates to the feelings associated with having epilepsy. 
To what extent are children concerned and fearful about 
having epilepsy? Do they have negative feelings or a neg-
ative attitude about having epilepsy? Do they perceive 
a stigma associated with epilepsy to the point that it nega-
tively affects their behavior?

Social

Assessment of social functioning and well-being is included 
because children with neurologic conditions have poorer 
social competence than children with other chronic condi-
tions (6, 7, 13). An important component of social func-
tioning is the accomplishment of developmental tasks. 
Because children with epilepsy manifest problems in areas 
of social competence (14), their assessment is included 
in this domain. Information on social functioning in 
both family relationships and peer relationships also is 
included. The last area included in this domain relates 
to the child’s engagement in age-appropriate activities, 
including participation in sports, clubs, hobbies, teams, 
and organizations.

School

Success at school is important precursor of successful 
employment in adulthood. Functioning at school is espe-
cially important to measure in children with epilepsy 
because they have high rates of learning problems (15), 
which in some cases predate the onset of epilepsy (16). 
In addition, these children have poorer academic achieve-
ment than would be expected based on intelligence (17) 
and disproportionately high rates of school failure (18). 
Because success at school is partially dependent on behav-
iors such as working hard, school-adaptive characteristics 
also are included in this domain.

Family

Assessment of the family is important for two major 
reasons. First, it is the persons in the child’s immediate 
environment who are in a position to exert the most 
influence on the child’s quality of life (19). The family’s 

adjustment to the epilepsy and the child’s psychologic 
functioning are closely linked. Second, a chronic condi-
tion in a child negatively affects the adjustment of other 
family members, especially the mother (20). Also included 
in the family domain are factors related to the parents’ 
ability to manage the epilepsy and their psychologic 
adjustment to the epilepsy. Do parents feel competent in 
their ability to handle future seizures? Are parents overly 
concerned and fearful about their child’s condition? Are 
siblings unduly worried? Do family members have an 
optimistic attitude toward the epilepsy? Are family mem-
bers unduly concerned about a stigma being associated 
with epilepsy? Is parents’ supervision of the child’s activi-
ties appropriate for the child’s age? Finally, information 
on the participation of the family in leisure activity is 
included in this domain because of the importance of 
such participation in relation to family interaction and 
cohesion (21). Are family activities being overly restricted 
because of the epilepsy?

QUALITY-OF-LIFE PROBLEMS

Although a large number of studies have investigated a 
particular domain of function or well-being in children 
with epilepsy, far fewer studies have measured multiple 
quality-of-life domains in this population (22). Austin and 
colleagues (6) compared differences in four domains of 
quality of life (physical, psychologic, social, and school) 
between 136 children with epilepsy and 134 children with 
asthma age 8 to 13 years. Compared to children with 
asthma, the children with epilepsy had better functioning 
in the physical domain and poorer functioning and well-
being in the psychologic, social, and school domains. A 
4-year follow-up study again comparing quality of life 
in these same two groups indicated that those with epi-
lepsy were still experiencing a poorer quality of life than 
those with asthma, even though substantially more of the 
children with epilepsy had inactive conditions. When 
the group with epilepsy was grouped by severity (inac-
tive, low severity, and high severity), those with the most 
severe seizures were faring the worst, especially in the 
social domain. In the psychologic domain, girls had more 
anxiety, less happiness, and more negative feelings about 
having epilepsy than boys did (7). In a Japanese study of 
the quality of life of children (23), investigators studied 
quality of life in two environments: home and school. 
They included the assessment of problems as perceived 
by the children themselves, by their families, and by their 
schoolteachers. The children’s main concerns were related 
to medication and seizures. Parents were most concerned 
about their child’s future, their seizures, and their child’s 
school performance. The most common problems the 
children experienced at school were keeping up with aca-
demic work and developing peer friendships.
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A review of the literature indicates that functioning 
in one domain is often related to functioning in other 
domains. Because information on epilepsy, cognitive, and 
psychiatric comorbidities is covered in other chapters in 
this book, the focus here is on the psychologic, social, 
school, and family quality-of-life domains.

Psychologic

There is strong evidence that children with epilepsy are 
at risk for poor psychologic functioning and well-being. 
Epidemiologic studies indicate that children with epilepsy 
are up to 4.8 times more likely to have mental health 
problems than children from the general population (11, 
24, 25). Children with epilepsy differ most from norma-
tive controls in the areas of internalizing problems (e.g., 
anxiety or depression), attention problems, and somatic 
complaints (26). The psychologic problems found in 
children with epilepsy do not appear to be solely from 
having a chronic illness, however, because the prevalence 
rate of problems is higher in children with epilepsy than 
in children with other chronic conditions (11, 24). For 
example, Davies et al (25) found that the prevalence of 
psychiatric disorders among children with uncomplicated 
epilepsy was approximately 2.5 times higher than among 
children with diabetes.

Few studies have focused on children’s percep-
tions and coping responses related to having epilepsy. 
One study investigating the relationship between cop-
ing responses and mental health outcomes in youth with 
epilepsy found that coping responses of competence, 
optimism, compliance, and seeking support were asso-
ciated with fewer behavioral problems and a positive 
self-concept. In contrast, coping responses of irritability, 
feeling different, and social withdrawal were related to 
more behavioral problems and a poorer self-concept 
(27). Austin and Huberty (28) found children’s negative 
attitudes toward epilepsy to be related to poor self-
concept and behavioral problems. In another study, 
children’s attitudes or feelings about having epilepsy, 
an unknown locus of control, and low satisfaction with 
family relationships were associated with symptoms of 
depression in youth with epilepsy (29).

Some have hypothesized that mental health prob-
lems are caused by underlying neurologic dysfunction 
that causes both the seizures and the behavioral problems, 
a hypothesis with some empirical support. Children with 
epilepsy who also have deficits in neurologic function-
ing appear to be at an increased risk for mental health 
problems (30–33). Moreover, the relatively higher rates of 
psychiatric disorders found in children with chronic con-
ditions involving the brain (10, 11) also provide support 
for this hypothesis. In addition, studies of children with 
new-onset seizures found relatively higher rates of behav-
ior problems before the onset of their seizures (34, 35). 

For example, in a study of 224 children with a first rec-
ognized seizure, approximately 32% of children were in 
the clinical or at-risk range for behavior problems on a 
standardized scale (35).

Social

For optimal social development, children need an envi-
ronment in which they can develop autonomy and ini-
tiative (36). Children with epilepsy have problems with 
developing independence. For example, Hoare (37) 
studied child dependency on the mother in four groups: 
children with newly diagnosed epilepsy, children with 
chronic epilepsy, children with newly diagnosed diabe-
tes, and children with chronic epilepsy. Comparison of 
these groups with population-based norms indicated that 
children with either newly diagnosed or chronic epilepsy 
were more dependent on their mothers in three of four 
areas. In contrast, no differences were found between 
the control subjects and children with newly diagnosed 
diabetes. Finally, children with chronic diabetes differed 
from norms in only one dependency area.

Studies investigating seizure variables related to 
social functioning have led to inconsistent results. Austin 
and colleagues (7) found youth with the most severe epi-
lepsy to be faring the worst socially. In contrast, Camfield 
and colleagues (18) did not find epilepsy-related variables 
(e.g., age of onset, seizure type) to be related to social 
functioning. Furthermore, in that study remission of 
epilepsy did not predict social functioning.

There is some support in the literature that the 
social functioning in children might be influenced by 
parenting behaviors. In an early descriptive study of 
12 families, Mulder and Suurmeijer (38) found a rela-
tionship between parental control and dependency in 
children with epilepsy. Long and Moore (39) hypoth-
esized that parents might have different expectations for 
a child with epilepsy than for a healthy sibling, which 
might lead to more restrictive parenting practices and 
subsequently more adaptation problems in the child with 
epilepsy. In a study of 19 families, Long and Moore (39) 
found that parents had different expectations for their 
children with epilepsy than for their healthy children. 
For example, they expected children with epilepsy to 
have more emotional problems, to be more unpredict-
able, and to be more “high-strung” than their siblings. 
Moreover, in this study parents perceived themselves 
as being more restrictive in parenting their children 
with epilepsy than their healthy brothers and sisters. 
Lothman et al (40) studied parenting behaviors of 
children with epilepsy through observing mother-child 
interactions and found praise to be related to child com-
petence and positive affect. In contrast, intrusive and 
overcontrolling parenting behaviors were related to less 
autonomy and confidence in these children.



66 • QUALITY OF LIFE IN CHILDREN WITH EPILEPSY 841

School

School problems are overrepresented in children with epi-
lepsy. Research comparing academic achievement across 
different chronic childhood conditions consistently indi-
cates that children with epilepsy are one of the most vul-
nerable groups. For example, an early comparison study 
of 270 children with 11 different conditions showed that 
children with epilepsy, sickle cell disease, or spina bifida 
were doing the poorest (41). Academic performance in 
children with epilepsy has consistently been found to be 
poorer than would be expected by intellectual ability (17). 
In one study children with uncomplicated epilepsy were, 
on average, about 1 year delayed in overall reading abil-
ity and that approximately 20% demonstrated severe 
deficits (42). In another study among children with epi-
lepsy and normal intelligence, 39.7% had repeated at 
least one grade in school (43). When academic achieve-
ment on school-administered tests was compared between 
children with epilepsy and those with asthma, children 
with epilepsy had significantly lower scores in reading, 
mathematics, language, and vocabulary (44). In this study 
boys with the most severe epilepsy fared worst.

The relationship between seizures and academic 
functioning is unclear. Some studies have found that sei-
zure type and frequency are related to academic achieve-
ment (45). In addition, Westbrook and colleagues (46) 
found that adolescents with mild idiopathic epilepsy had 
more problems with academic functioning than would 
be expected. In another study, however, academic under-
achievement was not related to seizure variables or to 
medication variables (47). Moreover, newly diagnosed 
youth with epilepsy who had not been treated already 
had academic problems, a finding noted by other inves-
tigators (16).

Neurologic dysfunction is another potential cause 
of academic problems in children with epilepsy. It is 
hypothesized that neurologic deficits lead to cognitive 
impairments, which in turn lead to academic problems. 
Even though broad intellectual abilities are stable and 
normal in the majority of children with epilepsy, these 
same children often perform below expected levels in the 
classroom. Although cognitive impairments are related 
to academic problems, it appears that the family envi-
ronment can moderate this relationship. For example, 
cognitive deficits had less of a negative impact on achieve-
ment in supportive and organized families than in chil-
dren with cognitive deficits who lived in unsupportive 
and disorganized homes (48).

Family

Few studies have investigated the adjustment of family 
members of children with epilepsy. Hoare’s study of 
the prevalence of psychiatric disorder in parents and 

school-aged siblings of children with either newly diag-
nosed or chronic epilepsy found that children with newly 
diagnosed epilepsy were more disturbed than their sib-
lings (49). The siblings’ scores, however, did not differ 
from population norms. In contrast, the siblings of the 
children with chronic epilepsy were more disturbed than 
both siblings of children newly diagnosed with epilepsy 
and population norms. In this study psychiatric distur-
bance in the child with chronic epilepsy was associated 
with psychiatric disturbance in their mothers, a relation-
ship that was not present when the child’s epilepsy was 
newly diagnosed. Hoare proposes that chronic epilepsy 
can lead to stress that can negatively affect the mental 
health of other family members (49).

Two studies have addressed the concerns of parents 
whose children have seizures. Ward and Bower (50) stud-
ied the parents of 81 children with epilepsy, 30 of whom 
were newly diagnosed. These parents reported many con-
cerns and fears related to the nature of the seizure, effects 
of medications, causes of seizures, injury, effects of sei-
zures on intelligence, brain damage, mental health prob-
lems, and social problems. Austin and colleagues (51) 
studied 100 parents of children within 4 months of their 
first recognized seizure to identify concerns and fears. 
Concerns and fears focused on two broad areas: epilepsy 
and treatment (e.g., effect of seizures on the brain, on 
the child’s mental health, and on the child’s future life) 
and management of the epilepsy (e.g., handling future 
seizures, negative responses of others, lifestyle changes, 
and preventing mental health problems).

As might be expected based on the high rates of fear, 
parents have high levels of need for information and help 
with handling their children’s seizure disorder. In a study 
of the psychosocial care needs of parents of children with 
seizures, Shore et al (52) found that approximately two-
thirds of the mothers still wanted information about their 
child’s seizure condition 6 months after seizure onset. 
In addition, at the same time 70% still felt the need to 
discuss their fears about seizures.

It appears that teaching parents about epilepsy can 
help them parent their children with epilepsy. For exam-
ple, Suurmeijer (53) found that families imposed fewer 
restrictions on their child with epilepsy when the parents 
perceived that the information given to them about their 
child’s condition was adequate. The same investigator 
reported that parents also indicated that they would more 
easily accept, be less frightened about, and know better 
how to deal with the epilepsy if they received adequate 
information about the condition.

Families of children with epilepsy consistently fare 
worse than control families in relation to parent-child 
interaction, maternal negative mood, and overprotec-
tion (54). Although fewer studies have explored the 
relationship between family environment variables and 
quality-of-life problems in children with epilepsy, most 
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support a relationship between them, and the most con-
sistent finding is between parent psychologic control and 
child behavior problems (54). Families of children with 
epilepsy experience relatively more stress, which has 
been found to be related to child behavior problems. For 
example, Pianta and Lothman (55) found family stress to 
be associated with child behavioral problems even after 
epilepsy factors and child characteristics were controlled 
statistically. Finally, the few studies that have explored 
relationships between family variables and child function-
ing over time also support a relationship between parent-
ing behaviors and child behavior problems. For example, 
in a 2-year prospective study an increase in parental emo-
tional support to the child was associated with a decrease 
in internalizing behavior problems (19).

MEASURING HEALTH-RELATED 
QUALITY OF LIFE

Measurement of HRQOL has received less attention 
in children and adolescents than in adults. One of the 
reasons instrument development has lagged behind in 
pediatrics is the changing frame of reference that results 
from child development and maturation. In deciding how 
to assess quality of life in children with epilepsy, much 
depends on the purpose of the assessment. If the goal 
is research related, measurements should be made that 
will answer the research questions in the most valid and 
reliable manner. In a clinical trial, measurement would 
be targeted to the specific quality-of-life domains most 
likely to be affected by the treatment under study.

When HRQOL is assessed in the clinical setting, the 
goal is to select the method that provides the best data to 
guide treatment decisions. It is these decisions that are the 
focus of the issues addressed here. The two most common 
methods used in the clinical setting are structured inter-
view and self-report questionnaire. Advantages of the 
interview are that the interviewer is available to explain 
things that are not clear, to answer questions, and to make 
sure that all questions are answered. Interviews can be 
conducted either in person or by telephone. Information 
on quality of life can also be part of the clinician’s history 
taking. Advantages of using self-report questionnaires 
are scheduling flexibility because an interviewer is not 
needed. Disadvantages include questions being skipped 
and the lack of opportunity for children and families to 
ask questions when something is unclear.

The information that follows focuses on issues 
related to the use of self-report questionnaires in the 
clinical setting. When using any instrument, it is impor-
tant that it be in the respondent’s native tongue and be 
culturally relevant. Criteria for evaluating instruments, 
practical considerations, selection of respondents, and 
selection of scales are addressed.

Selecting Instruments

Criteria for selecting instruments to measure quality of 
life depend on the conceptualization of health-related 
quality of life as well the quality of the scale. A good 
instrument would be conceptually strong in that it 
would have a sound theoretical underpinning (56) and 
the domains measured would be consistent with the pur-
pose for doing the assessment. A good instrument should 
also have robust psychometric properties and meet clini-
cal standards.

Two important psychometric properties are reli-
ability and validity. Reliability refers to the consistency 
or the extent to which a measuring instrument yields 
similar results over repeated administrations. Stability 
reliability is consistency over time, and internal consis-
tency reliability refers to the homogeneity of the items 
measuring the concept. Validity, which is the extent to 
which an instrument measures what it is supposed to 
measure, is commonly of three types: content validity, 
criterion validity, and construct validity. Content valid-
ity answers the question “Do the items measure what 
they are supposed to?” Criterion validity refers to the 
extent that the score on an instrument is systematically 
related to some external criterion. Construct validity 
refers to the extent that scores on an instrument are 
logically related to other measures.

An instrument that meets clinical standards differen-
tiates between different levels of severity within the con-
dition. Recently, there has been an emphasis on the extent 
to which a scale is sensitive or responsive to change. The 
term responsiveness refers to the instrument’s ability to 
detect clinical change over time (57). An instrument must 
be able to detect even small improvements in a condition 
if it is going to be used to show effects of treatment.

Practical Considerations

There also are practical considerations when selecting 
instruments. Length of time that is required for collecting 
information must be considered, because time is espe-
cially important in the clinical setting. Are the instru-
ments easily administered in the clinical setting? Are there 
norms based on age and gender? Because of the large 
differences that occur at various ages, one must use well-
developed scales with norms based on age of the child. 
In addition, because of the different trajectories of boys 
and girls at different ages, the scales must have norms 
based on gender.

The complexity of the scoring also is an important 
practical consideration. Clinical staff may need to assist 
children and families to complete the instruments. The 
staff must use instruments that are easily scored and 
interpreted so the information can be used immediately. 
Unfortunately, most scales that can be used for a wide age 
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range because they have norms for age and gender also 
have complex scoring; however, most of these scales have 
computer scoring programs that are easy to use.

Staff cooperation and training and an infrastructure 
for collecting data, scoring instruments, and incorporat-
ing the information into treatment are necessary. The 
assessment must take place in a manner that best fits 
with the clinical practice. Will children and families be 
asked to complete instruments before, during, or after 
clinical visits? More time is available for completion of 
scales if they are done outside the clinical setting before 
the clinic visit. The instrument can be sent out with an 
appointment reminder for the family to bring to the visit. 
When there is only a short period of time available for 
measurement or completing a questionnaire (e.g., while 
in the waiting room), decisions must be made whether to 
do a comprehensive assessment on a few HRQOL areas 
or screen in all areas, or a combination of the two. Other 
questions that must be considered relate to frequency 

and timing of assessment. Will all children be screened at 
every visit? Will more complete assessments be carried out 
on new patients? Will children who show problems have 
additional testing? Will different domains be targeted for 
different age groups? An assessment of HRQOL could 
also be triggered by critical events that occur in the child’s 
life such as age-related changes (e.g., beginning school, 
transition into adolescence), health-related changes (e.g., 
seizures increase, medication change), and social changes 
(e.g., new school, parent divorce, new sibling).

Selection of Respondent

An important decision focuses on who should provide 
the data. Generally, it is ideal to obtain data from multi-
ple sources (e.g., parents, children, and teachers). Accord-
ing to Landfraf and Abetz (57), children as young as 
5 years can provide reliable information on very con-
crete concepts such as pain. Austin and colleagues have 

TABLE 66-2
Sample Instruments to Measure Quality of Life in Childhood Epilepsy

GENERIC SCALES

Child Health Questionnaire (61)  A generic scale for children ages 5 and 
  older. There are three parent-completed 
  versions of differing lengths that measure 
  14 concepts and one child-completed 
  version with 12 concepts. The scale has 
  good psychometric properties and norms. 

PedsQLTM (62) A generic scale for children ages 2–18 years. 
  There are child self-report and parent-
  completed versions that measure 
  physical, mental, social, and school 
  domains. It has a family impact module. 
  The scale showed responsiveness to 
  clinical change over time.
EPILEPSY SCALES

Quality of Life in Epilepsy— A general epilepsy scale for adolescents 11 to
 Adolescent (63)  17 years. The scale has 48 items that measure 
  effects of epilepsy and medicine, stigma, 
  feelings about self, and general HRQOL 
  concepts of family, friends, activities, mood, 
  cognition, and memory. 

Health-Related Quality of Life  A general epilepsy scale for children ages 
 (HRQOL) in Children with   8–15 years. There are child-report and 
 Epilepsy (64)   parent-completed versions. The 25-item scale 
  evaluates five child domains (social, worries, 
  emotional, secrecy, and normality) and five 
  parent domains (Interpersonal/social, future 
  worries, recent worries, and intrapersonal/
  emotional, secrecy).
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TABLE 66-3
Questions to Assess HRQOL in the Clinical Setting

ASSESSMENT QUESTIONS FOR PARENTS

Epilepsy and treatment

What concerns do you have about your child’s seizure condition or treatment?
What concerns do you have about handling your child’s seizures?

Psychologic

What concerns do you have about your child’s ability to cope with seizures?
Do you think your child is unduly worried or sad about having seizures?

Social

Compared to other children, how well does your child get along with others?
Compared to other children, how involved in activities is your child?

School

What concerns do you have about handling your child’s seizures at school?
Is your child having any learning problems with school?

Family

Are any members of your family having problems coping with the seizures?
Is your family avoiding doing any leisure activities because of the seizures?

ASSESSMENT QUESTIONS FOR OLDER CHILDREN AND ADOLESCENTS

Epilepsy and treatment

What questions do you have about your seizure condition?
What questions do you have about your medication?

Psychologic

Have you been feeling sad or down in the dumps about having seizures?
What kinds of things worry you about having seizures?

Social

How well do you get along with other kids your age?
What things are you not doing because of worry about seizures?

School

Do you feel you have to work harder on school work than other kids?
Are you having any trouble paying attention in school?

Family

Do your brothers and sisters treat you differently because of the seizures?
Do your parents treat you differently because of the seizures?

HRQOL, Health-related quality of life.
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obtained reliable information on abstract concepts 
from children with epilepsy as young as 8 years of age 
(27, 28). As a general rule, parents should provide most 
of the information when the children are younger than 
7 years old. Even for older children, the decision about 
who should provide information is not an easy one. 
Cognitive development and the ability to understand 
abstract concepts must be considered. Children who 
have had seizures from a very young age may not be 
able conceptualize what life would be without epilepsy 
and would have trouble answering questions about 
their life compared with the best possible life.

When data are collected from different categories 
of respondents, a number of factors must be considered 
when interpreting results. For example, mothers tend to 
report more problems in children than do fathers (57).
Moreover, children’s ratings of certain areas consistently 
differ from those of their parents. There tends to be 
more agreement on concepts related to physical func-
tioning (e.g., activities and chores) and less agreement on 
behavioral or mental health functioning. For example, 
adolescents with epilepsy rated themselves to have fewer 
behavioral problems than their mothers, fathers, and 
teachers did (58). Parents’ reports on children’s mental 
health problems are more valid than children’s reports 
(59). However, the fact that parents, children, and teachers 
rate things differently does not mean that one viewpoint 
is better than the other, just that they provide different 
perspectives. Some information is available only from the 
child. It also is important to consider that only children 
can report their emotional feelings, so if this information 
is desired, it must be obtained from children.

Selection of Scales

In a comprehensive assessment of HRQOL done for 
research purposes, it is important to use both general 
and disease-specific scales (60). General scales allow com-
parisons across samples, although a disadvantage of using 
these scales is that they often contain questions irrelevant 
for epilepsy. Disease-specific scales generate data that can 
be compared with other samples of children with epilepsy. 

In the clinical setting, instruments should be selected that 
will provide the best data to guide treatment decisions. 
Foremost, the clinician must consider what to do with 
the information once it has been collected. For example, a 
screening survey could be administered first and then fol-
lowed with more specific information on areas in which 
problems are identified.

CLINICAL APPLICATION OF 
HRQOL ASSESSMENT

Incorporating HRQOL information into the clinical 
care of children with epilepsy can improve the quality of 
care provided. Therefore, it is critical that a strategy for 
HRQOL assessment be developed that can be incorpo-
rated into the office routine efficiently. Assessments can 
identify children who are at risk for problems so that 
interventions can be initiated at the earliest opportunity. 
Assessments also can improve clinical decision making 
by increasing the clinician’s understanding of the quality-
of-life problems experienced by children with epilepsy 
and their families. Finally, information from assessment 
of HRQOL over time can be used to document treat-
ment outcomes (61–64). Table 66-2 describes a few of 
the available instruments that could be used to measure 
quality of life.

An alternative to using a formal HRQOL assess-
ment instrument is to ask patients open-ended questions 
about their care. Table 66-3 includes questions that help 
to elicit information about quality-of-life issues in the 
clinical setting.

In the treatment of a chronic condition such as 
childhood epilepsy, the clinician must be concerned not 
only about controlling seizures but also about preventing 
adverse consequences of the condition and optimizing the 
child’s functioning and well-being. When the outcome is 
narrowly conceptualized to be optimal seizure control, care 
is based on assessment of seizures and treatment to reduce 
seizures. When the outcome is conceptualized to include 
the child’s quality of life, it will result in comprehensive 
care and improved quality-of-life outcomes in the child.
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Epilepsy, Cerebral 
Palsy, and IQ

n all cultures children with epi-
lepsy exhibit a disproportionately 
high share of problems with learn-
ing and behavior and are at risk to 

have poor social outcomes (1–10). As a group, children 
with epilepsy have an average IQ that is 10 points below 
normal, resulting in a threefold increased risk of mental 
retardation (2, 11) (Figure 67-1). Even those children 
who are not retarded are at increased risk for academic 
underachievement or school failure and maladjustment 
in later life (3, 8, 12–14). In one study of Finnish children 
with epilepsy there was a more than 20-fold increased risk 
of mental retardation or other handicap (15). Pazzaglia 
and Frank-Pazzaglia (16) found that among children with 
epilepsy in Cesena, Italy, only half had normal scholastic 
records, one-third were in special classes, and 17% were 
one or more grades behind. Behaviorally, children with 
epilepsy have an increased risk of psychopathology 
(10, 17, 18). They also are at risk of being described as 
fidgety, restless, irritable, inattentive, not liked, worri-
some, solitary, disobedient, fussy, or destructive, and they 
are more likely to tell lies and fight with other children (19). 
They are also more likely to have temper tantrums, tics, 
sleep difficulties, poor appetite, loss of bowel control, 
lisping, stuttering, and headaches.

The specific components of cognitive function that 
account for the problems of patients with epilepsy are 

W. Edwin Dodson

multiple and not well defined. Studies in children with 
epilepsy who were not taking medications suggest that 
perceptual problems and attention are major factors that 
antedate the onset of both seizures and treatment (20–22). 
In adults with intractable seizures, verbal and comprehen-
sion problems contribute more to variability in their IQs 
than attention or perceptual issues (23).

Academic underachievement is more prevalent in 
boys than in girls, a trend that persists among children 
with epilepsy. In the study summarized in Table 67-1, 
boys did worse in spelling than girls. Many factors were 
associated with underachievement in arithmetic. These 
included older age, generalized versus partial seizures, an 
earlier age of onset, and more seizures.

It is often difficult to determine the cause when chil-
dren with epilepsy have academic or behavioral com-
plaints. Parents and teachers tend to blame the epilepsy 
or the medication for the child’s every imperfection. 
Isolating a cause is always complicated because numer-
ous factors affect learning and behavior simultaneously. 
These factors include temperament, intrinsic devel-
opmental capability, associated brain disease,  parent-
child interactions, socioeconomic level, seizures, and 
medication-induced side effects. Some investigators have 
emphasized the importance of epilepsy or uncontrolled 
seizures, whereas others have highlighted the impor-
tance of other factors, especially drug therapy (24, 25) 

I

67
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(see Chapter 69). Relatively few studies have considered 
the confounding effects of socioeconomic level. Among 
the many factors that influence academic achievement 
in the population overall, socioeconomic status has the 
most pervasive influence (26, 27). Low socioeconomic 
status has also been linked to an increased incidence of 
medical conditions such as cerebral palsy and psychiatric 
disorders (28, 29).

Do seizures and epilepsy impair global intellectual 
ability? Usually they do not, but there are rare instances 
in which high seizure frequency is clearly linked to the 
stagnation of development and cognitive decline (30–33). 
Furthermore, children seem to be more vulnerable than 
adults to developing this consequence (34). A majority 
of children with epilepsy develop normally and enjoy 
normal cognitive ability. Aside from immediate ictal and 
postictal interruptions of awareness, seizures usually do 
not impair cognition permanently. Relationships between 

seizures, motor handicap, and intellectual impairment 
can, however, be complex. Overall etiology has the most 
powerful effect on intellectual outcome, but other seizure-
related variables are influential as well. And, there are 
conditions in which childhood epilepsy and cognitive 
impairment progress simultaneously to result in perma-
nent encephalopathy.

In exploring the relationship between epilepsy and 
cognitive function, a sequential approach helps to clarify 
the issues. First, factors that are not related to epilepsy are 
considered. Next, epilepsy-related factors such as etiol-
ogy, comorbid conditions, seizure type, frequency, age of 
onset, and duration are discussed. Not discussed here are 
degenerative disorders in which neurologic deterioration 
is the primary feature and cognitive effects of drug treat-
ment. Throughout this chapter it helps to remember that 
seizures, like mental retardation and cerebral palsy, are 
symptoms of abnormal brain function.

TERMINOLOGY AND DEFINITIONS

The intelligence quotient (IQ) has been defined as an 
individual’s mental age divided by chronological age 
times 100. In determining the IQ, many tests such as 
the Wechsler Adult Intelligence Scale (WAIS) do not 
require the actual calculation of a mental age but instead 
determine IQ based on standardized scale scores. The IQ 
is normally distributed in the general population with a 
mean of 100 and a standard deviation of 15 (Figure 67-2). 
Thus by definition, approximately 2.3% of the population 
has an IQ that is equal to or less than 70, the IQ value 
that is 2 standard deviations (SD) below the mean.
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FIGURE 67-1

Frequency distribution of IQ in normal children and children 
with epilepsy. Adapted from Ellenberg et al (11).

TABLE 67-1
Academic Achievement Among 

Children with Epilepsy

 PERCENT UNDERACHIEVING

WRAT SUBTEST BOYS GIRLS

Word recognition 10.5 10.1
Spelling 33.3 15.9
Arithmetic 28.1 31.9
Reading comprehension 22.8 13.0

WRAT 	 Wide Range Achievement Test.
Adapted from Seidenberg et al (13).
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FIGURE 67-2

The distribution of IQ scores showing standard deviations 
and percent of the population in each group.



67 • EPILEPSY, CEREBRAL PALSY, AND IQ 849

Most investigators who have studied the relation-
ship between epilepsy and IQ report IQ values as group 
means and standard deviations. In these situations it is 
important to translate these values into terms that allow 
one to discern the magnitude of increased risk of mental 
retardation that is shared by group members. For exam-
ple, if a particular group has an IQ of 90 with a standard 
deviation of 20, 16.5% of those groups are expected to 
have an IQ of 70 or less. In this example, even though 
most group members have normal intellect, the risk of 
mental retardation is increased sevenfold among group 
members. Although groups of patients with epilepsy who 
have been studied with IQ measurements do not neces-
sarily have normally distributed values, for purposes of 
comparison in this chapter I have assumed that all group 
values are distributed normally.

The term mental retardation implies that an indi-
vidual’s global intellect and adaptation to the problems 
of living are defective and that these abnormalities have 
been present during development. Note that this defi-
nition encompasses more than an IQ criterion. How-
ever, the IQ score is one dimension of adaptive ability 
that is measured objectively, and it predicts academic 
performance. The IQ score also carries heavy weight in 
the diagnosis of mental retardation. Thus, for purposes 
of this chapter, an IQ score of 70 or less is considered 
to indicate mental retardation. Although this simplified 
approach has been adopted here for heuristic purposes, 
other dysfunctions such as learning disabilities, attention 
disorders, and disorders of language and communication 
all can have major adverse effects on learning, develop-
ment, and socialization (35, 36).

Developmental disabilities are legally defined on 
a state-by-state basis. Nonetheless, federal legislation 
defined the condition as functional limitation in three or 
more major life activities. The major categories of activi-
ties include self-care, understanding and use of language, 
learning, mobility, self-direction, and capacity for inde-
pendent living (37). The diagnosis of being developmen-
tally disabled has important consequences because it may 
qualify the child for important educational and rehabili-
tative benefits. Although disabled children between the 
ages of 3 and 20 years have federal guarantees of access 
to educational and rehabilitative services, the authority to 
determine eligibility and the responsibility for providing 
services is vested in the states. Disability determinations 
are not categorical by diagnosis but rather depend on the 
child’s functional ability (see Chapter 68). Thus, seizures 
may or may not be handicapping depending on their 
frequency, severity, and time of occurrence.

Cerebral palsy is a group of nonprogressive motor 
impairment syndromes secondary to lesions or brain 
abnormalities that arise early in development. The preva-
lence is 1.5–2.5 per 1,000 live births. The most common 
forms of cerebral palsy include hemiplegia (right side 

twice as frequent as left), spastic diplegia, and spastic 
quadriplegia. Less common forms include ataxic and 
athetoid disorders. Cerebral palsy, mental retardation, 
and epilepsy are often simultaneous manifestations of 
diffuse brain lesions that were acquired prenatally. The 
prevalence of various clinical patterns of cerebral palsy 
has changed, with more cases of spastic diplegia and 
fewer cases of spastic tetraplegia (quadriplegia). As a 
result of improvements in obstetrical and neonatal medi-
cine, fewer full-term newborns suffer hypoxic ischemic 
encephalopathy, and more extremely low-birth-weight 
premature newborns survive hypoxic ischemic injury. If 
the latter children develop motor and other neurologic 
consequences of their encephalopathy, they generally have 
spastic diplegia and mental retardation, but they are less 
likely to have epilepsy than are full-term newborns who 
develop tetraplegia (38, 39).

Definitions of learning disability vary depending 
on the source, but generally the term implies that an 
individual’s actual performance on measures of academic 
skills such as reading or arithmetic is substantially inferior 
to what would be predicted from that individual’s global 
cognitive ability measured by the IQ. Most investigators 
designate an individual as learning disabled when that 
individual’s IQ and measured academic skills differ by 
1 SD or more. School systems in the United States have 
more complex definitions of learning disability, such that 
individuals with lower IQ scores require less statistical 
discrepancy between IQ and measures of scholastic skills 
to qualify for special remedial help than do individuals 
with normal or above-average IQ scores.

Studies of learning disabilities are more difficult to 
compare than studies of global cognitive ability because of 
the many issues that are involved in learning disabilities, 
including inconsistent definitions of the condition (40, 
41). In studying learning disabilities, various investigators 
have different theoretical orientations and use different 
technical approaches. Although the role of factors such 
as strategic orientation, cognitive style, and motivation 
have been emphasized in the past, current theory points to 
defective auditory processing as the seminal abnormality 
in dyslexia, the most common learning disability (42).

In this chapter the focus will be on IQ scores. Simi-
larly, cognitive functioning is emphasized more than 
behavior here, because the studies are more homogeneous 
and allow conclusions to be drawn.

NON-EPILEPSY-RELATED VARIABLES

Associated disease and social class are important 
background factors that interact with epilepsy and with 
antiepileptic therapy to influence behavior and cognitive 
ability (26, 27). Although many variables affect IQ, most of 
the determinants of IQ cannot be defined in large-scale 
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investigations. In these types of studies, the largest deter-
minant of IQ is socioeconomic class.

Socioeconomic Status

The National Collaborative Perinatal Project (NCPP) 
evaluated the relationship between various health-
related and social factors and IQ measured at age 
7 years. Overall, the strongest determinants of intellect were 
socioeconomic class and related variables such as maternal 
education. However, considering all predictor variables, 
the investigators could account for only 25% to 28% of 
the variance in IQ among whites and 15% to 17% among 
blacks (43). The highest correlation (r 	 0.38) was found 
between socioeconomic index and IQ. This value yields 
a coefficient of determination of approximately 8%—
indicating that 8% of the variability in IQ is linked to 
socioeconomic class. The correlation between the mother’s 
nonverbal IQ and the child’s IQ was lower (r 	 0.28). The 
effects of socioeconomic factors are manifest in various 
ways. For example, 20.2% of children from families in the 
lowest socioeconomic class failed a test of language com-
prehension at age 8 years, compared to only a 2% failure 
rate for those from the highest social class (43).

Studies of epilepsy and IQ from diverse cultures that 
considered socioeconomic variables have confirmed that 
the influence of socioeconomic class on IQ is universal (44). 
Socioeconomic factors also influence many of the deter-
minants and etiologies of epilepsy, cerebral palsy, and 
mental handicap, with children from the lowest socioeco-
nomic groups faring worst in every outcome (15, 28, 29). 
Furthermore, sociocultural context plays a major role 
in the attitudes and behaviors about epilepsy (29, 45) and 
in the accessibility of educational and treatment opportu-
nities for children challenged by handicaps (46).

The nature and quality of the parent-child interac-
tion is also an important contributor to the child’s cogni-
tive development and behavior. Whereas seizure-related 
variables heavily influence medical outcome, sociocul-
tural differences and the quality of the parent-child inter-
actions exert enduring and pervasive effects on the child’s 
behavioral outcome and statistically have a more far-
reaching influence than disease-related factors (45, 47). 
Furthermore, even after seizures are controlled, flawed 
early psychosocial development can continue to thwart 
the maturation of skills necessary for productive, inde-
pendent functioning (48). Having a child with epilepsy in 
the family increases the risk of maternal depression, low-
ers quality of the parent-child relationship, and promotes 
dissatisfaction with family relationships (18, 46).

Epilepsy-Related Variables and IQ

The most fundamental elements of neurologic diagno-
sis are etiologic and anatomic. Where is the lesion, and 

what caused it? Thus, it is not surprising that the etiol-
ogy of a child’s epilepsy predicts cognitive functioning 
best. Unfortunately, in a majority of children with epi-
lepsy the etiology cannot be identified. As a result, the 
best diagnosis that can be made is usually descriptive, 
descriptive in terms of the child’s seizure type(s) or type 
of epilepsy or epileptic syndrome. When the diagnosis is 
predominantly rooted in descriptive phenotypic features 
of the condition—that is, by seizure type or by epileptic 
syndrome—the relationship between epileptic variables 
and IQ is less predictable. Classification by seizure type 
is the least informative level of descriptive diagnosis. 
Diagnosis by type of epilepsy or epileptic syndromes 
provides a more complete description of the disorder 
and relationships between epileptic variables and IQ are 
more predictable. In fact, encephalopathy is a criterion 
for some syndromic categorizations.

SPECIFIC ETIOLOGIES

When the etiology is identified, the relationship between 
the epilepsy and intellect is usually clear cut. Among all 
epilepsy-related variables, the etiology of the epilepsy has 
the most pervasive effect on cognitive ability (Table 67-2). 

TABLE 67-2
Examples of Etiologies of Symptomatic Epilepsy 

that also Affect Global Cognitive Function

Perinatal asphyxia
Symptomatic neonatal hypoglycemia
Neurocutaneous disorders
 Tuberous sclerosis
 Neurofibromatosis
 Hypomelanosis of Ito
Chromosomal disorders
 Down syndrome
 Fragile X syndrome
 Microdeletion syndromes
  Angelman’s syndrome
  Prader-Willi syndrome
 Inborn errors of metabolism (untreated)
Ion channel disorders
 Severe myloclonic epilepsy of infancy (SCNA1 
 channelopathy)
 Rett’s syndrome
Progressive myoclonus epilepsies
 Unverricht-Lundborg disease
 Lafora body disease
 Northern epilepsy syndrome
CNS infections
 Meningitis
 Encephalitis
 Human immunodeficiency virus
 Subacute sclerosing panencephalitis (SSPE)
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In most cases where people with epilepsy are impaired 
intellectually or behaviorally, underlying brain disease, 
not recurrent seizures, is the major contributor to the 
difficulties.

Studies from the NCPP and from many other sources 
indicate that associated brain disease, not seizures, is the 
most important contributor to subnormal intellect among 
children with epilepsy (20). In population-based studies of 
epilepsy and IQ there is no evidence that epilepsy causes 
intellectual deficit. Rather, the antecedent conditions that 
cause epilepsy are associated with lowered group IQ. 
Among youngsters who began to have seizures between 
the ages of 4 and 7 years, the group IQ was similar to that 
of well-matched controls (11) (Table 67-3). By and large, 
the appearance of seizures in otherwise normal children 
does not predict reduced IQ.

In comparison to patients with idiopathic epilepsy, 
patients with symptomatic epilepsy have lower IQs. For 
example, in a prospective study of children with new-
onset epilepsy, the mean IQ for the symptomatic group 
was 89.1 (SD 29.6) compared to 102.5 (SD 16.1) for 
the idiopathic group (45) (Figure 67-3). Differences of 

this magnitude lead to approximately a 10-fold increased 
chance of mental retardation among children with symp-
tomatic epilepsy (25.8% vs. 2.3%).

Symptomatic epilepsy due to a cerebral lesion height-
ens the chance of cognitive impairment even when the 
cause or precise extent of the lesion is unknown (49, 50). 
In a sample where 70% of children had symptomatic or 
presumed symptomatic (cryptogenic) epilepsy, 76% expe-
rienced learning problems including more than half of 
those with normal IQs. Factors that were linked to mental 
retardation were cerebral palsy, seizure onset before age
6 years, and lack of response to early drug treatment (51). 
Furthermore, the impact of structural brain abnormalities 
varies with the location of the lesion and the timing of its 
intrusion on brain circuitry as well as the intensity and 
frequency of the seizures that the lesion causes.

Brain malformations are prone to cause both epi-
lepsy and mental impairment. Malformations range from 
being subtle and localized in the case of focal cortical 
dysplasia to pervasive and dramatic in the case of lis-
sencephaly. Recently recognized cerebral malformations 
such as double cortex, frontal opercular syndrome, and 
congenital bilateral perisylvian syndrome have variably 
severe adverse effects on cognition (52–54). Despite 
improvements in imaging, specific brain malformations 
such as bilateral parasagittal polymicrogyria can still be 
difficult to detect on imaging tests and can cause a spec-
trum of cognitive problems plus epilepsy that begins early 
in life (55). The range of cognitive impairments linked to 
bilateral parasagittal polymicrogyria extends from nor-
mal functioning to mild retardation and includes subtle 
problems such as normal intelligence with slow mental 
processing.

In recent years, the proportion of epilepsy that is rec-
ognized as symptomatic of brain lesions has increased as a 
result of vast improvements in imaging techniques. These 
advances have allowed visualization of subtle, previously 
inconspicuous brain abnormalities such as heterotopias, 
areas of abnormal cerebral lamination, or small areas of 
atrophy (as in mesial temporal sclerosis) that can produce 
severe epilepsy and cognitive impairment (56). Whereas 

TABLE 67-3
Effect of Epilepsy on IQ at Age 7 years from the National Collaborative Perinatal Project (11)

  EPILEPSY   CONTROLS

n IQ  n IQ 

All children 368 90.0 (13) NA 102.9 (13)
Sibling comparison  98 91.5 (20.9) 98 95.3 (15.1)
Normal early evaluation 59 99.8 (14.9) 59 98.0 (13)

Values shown are means and standard deviations. 
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FIGURE 67-3

IQ distributions for people affected by disorders associated 
with epilepsy. Developed from information in the publication 
by Broman et al (43).
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contemporary high-resolution magnetic resonance imag-
ing (MRI) techniques allow visualization of mesial tem-
poral lobe and other brain structures that previously were 
obscure, variations in these structures increasingly are 
being linked to cognitive differences among people with 
epilepsy. For example, Strauss et al found that among a 
group of people with epilepsy, the size of the posterior 
corpus callosum correlated positively with IQ (57). Simi-
lar observations have been made in children who were 
born prematurely with extremely low birth weights (58) 
and among mentally retarded men with fragile X syn-
drome (59). As more neurons connect to each other via 
the corpus callosum, the corpus callosum enlarges.

Chromosomal disorders illustrate how a particular 
etiology can produce both seizures and mental retardation 
independently. Among patients with Down syndrome the 
average IQ is 43.5 (SD 10.1), resulting in a 99% chance 
that patients with this disorder will be mentally retarded, 
independent of epilepsy (60). Angelman (“happy puppet”) 
syndrome and Prader-Willi syndrome are both caused by 
a microdeletion of a portion of the long arm of chromo-
some 15 (61). Seizures are an invariable component of 
Angelman syndrome but occur in only 20% of children 
with Prader-Willi syndrome. However, subnormal intel-
lect is a major feature of both disorders.

X-linked mental retardation is the most common 
inherited cause of mental subnormality. Associated with 
fragile X chromosome in 25% to 50% of cases, mental 
handicap is a uniform feature of this disorder. Although 
seizures occur in 20% of patients, they have a negligible 
relationship to intellect (62, 63).

In some instances of symptomatic seizures, both the 
etiology and the actual occurrence of seizures affect the 
cognitive outcome. The various causes of neonatal seizures 
help to illustrate how these relationships operate. Certain 
etiologies of neonatal seizures are benign, whereas others 
have grave consequences for intellectual outcome.

For example, hypocalcemia in the context of late 
neonatal tetany can cause dramatic and numerous sei-
zures, but it does not increase the risk of mental retarda-
tion unless there are additional complications. On the 
other hand, neonatal hypoglycemia that causes seizures 
approximately doubles the risk of mental handicap com-
pared to symptomatic neonatal hypoglycemia that does 
not cause seizures (64). Asymptomatic hypoglycemia only 
slightly increases the risk of subsequent cognitive impair-
ment. Thus etiology can influence the cognitive conse-
quences of the seizures. Furthermore, in certain etiologies 
such as hypoglycemia, the actual occurrence of seizures 
contributes a critical element in the pathogenesis of the 
adverse intellectual outcome.

In pyridoxine dependency, the number and duration 
of seizures contributes to the adverse cognitive outcome 
in children who otherwise would be normal if treated 
with vitamin B6. Mental retardation occurs mainly in 

those individuals who have numerous seizures caused by 
pyridoxine dependency, but usually not in those who have 
only a few (43, 45, 47, 65). And pyridoxine dependency 
can be difficult to identify. Initially it was believed that 
pyridoxine dependency caused only neonatal seizures and 
neonatal status epilepticus. Subsequently, it was discov-
ered that pyridoxine dependency could cause other types 
of seizures, including epileptic syndromes that are associ-
ated with cognitive decline. Those patients who experi-
ence the worst seizures in terms of seizure types, seizure 
frequency, and the duration of epilepsy have a high risk 
of irreversible cognitive impairment. And to make the 
condition all the more difficult to diagnose, the seizures 
due to pyridoxine dependency are partially responsive to 
antiepileptic drugs, like other forms of epilepsy.

The symptomatic etiology of epilepsy perinatal 
asphyxia causes a distinctive combination of cerebral 
palsy, mental retardation, and epilepsy. Findings from 
the NCPP revealed that when perinatal asphyxia in 
full-term newborns caused later epilepsy, it also caused 
cerebral palsy (60, 66). In the absence of cerebral palsy, 
no relationship was found between various measures of 
perinatal asphyxia and the occurrence of epilepsy in later 
childhood (66), a finding confirmed in a subsequent inves-
tigation (67). Among 87 newborns who had Apgar scores 
of 0–3 at 10 minutes and who did not develop cerebral 
palsy, none developed epilepsy during the 7-year follow-
up period (68).

Similar to the relationship between etiology and 
cognitive impairment, underlying brain disease, more 
so than seizure-related variables, increases the risk of 
behavior disorders. Beran and Flanagan (68) compared 
adults who had posttraumatic versus idiopathic epilepsy 
of comparable severity using the Washington Psychoso-
cial Seizure Inventory. There were differences across eight 
measures that indicated that the extent of brain dysfunc-
tion correlated with psychosocial dysfunction more than 
the severity of the epilepsy. Corbett et al concluded that 
among children with epilepsy, brain damage and dys-
function were of greater importance in causing behavior 
problems than medication (69). Deb studied the rela-
tionship between epilepsy and psychopathology among 
mentally retarded people and found that the underlying 
brain damage was more influential in producing behav-
ioral symptoms than seizures were (70).

Etiology of epilepsy is intertwined with nearly all 
other epilepsy-related variables because etiology influences 
seizure type, response to medication, duration of epilepsy, 
and comorbidities, including cognitive impairment. As a 
result, etiology has far-reaching impact on global achieve-
ments and adjustment of people who are affected by the 
condition. Symptomatic etiology has adverse consequences 
for the chance of cessation of seizures, for educational 
and vocational achievement, for social adaptation, for 
driving, for employability and for other outcomes (9). 
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Sillanpaa and colleagues reported the long term out-
comes of 245 Finnish children with epilepsy that began 
before age 16 years. This group differed from most other 
population-based groups in which approximately 80% of 
cases are idiopathic epilepsy, because among the Finnish 
children with epilepsy only 28% of cases were idiopathic 
whereas 72% were either cryptogenic or symptomatic. 
When followed up after 30 years the adverse outcomes 
linked to symptomatic etiology and ongoing seizures were 
dramatic (Table 67-4).

ASSOCIATED NEUROLOGIC 
SYMPTOMS—COMORBIDITIES

The linkage between mental retardation, epilepsy, and 
cerebral palsy is well established. Historically one-third of 
children with cerebral palsy also have epilepsy. However, 
as obstetrical and perinatal medical care has improved, 
the distribution of different forms of cerebral palsy has 
changed and the incidence of epilepsy in cerebral palsy 
has changed, too (71). In various series, epilepsy has been 
most likely to occur in hypotonic, spastic hemiplegic, and 
tetraplegic forms of cerebral palsy (72, 73), in which the 
risk of epilepsy is approximately 50% (38, 74). Similarly, 
the risk of mental retardation is higher in patients with 
tetraplegia than in patients with spastic diplegia, espe-
cially when children with milder degrees of motor dys-
function are considered (75). For example, in one study 
of children with these disorders, the likelihood of mental 
retardation (IQ � 70) was 50% lower among children 
with diplegia than among those with tetraplegia (39). It 
is less common with spastic diplegia (73), even when the 
diplegia resulted from the most severe degree of intraven-
tricular hemorrhage, which renders more than 70% of 
survivors mentally retarded (76). Cerebral palsy has also 
been linked to the onset of epilepsy in the first year of life, 

to neonatal seizures, and to a high incidence of mental 
retardation (74). In the NCPP, infants with hypotonia 
that was not further characterized had a mean IQ of 80 
(SD 24.9), which translates into a 34.6% risk of mental 
retardation. In the same study among children with cere-
bral palsy, the mean IQ was 74.8 (SD 27.2), resulting in 
a 43.5% risk of mental retardation (43). Among young 
children, cerebral palsy is the most important single risk 
factor for severe epilepsy (77, 78).

For newborns with extremely low birth weight, 
the risk of cognitive and motor impairment is high and 
increases with increasing degrees of prematurity, with 
declining birth weight, with shorter gestation, and with 
more severe degrees of intraventricular hemorrhage when 
it is present (58, 79, 80). In the presence of periventricular 
leukomalacia and cognitive impairment, performance IQ 
was affected worse than verbal IQ. Thinning of the pos-
terior corpus callosum correlated with reduced full-scale 
and performance IQ but not verbal IQ (58).

In the presence of mental retardation the risk of epi-
lepsy increases with the severity of the mental handicap 
(Table 67-5). The lower the IQ, the more likely the child 
will also have epilepsy and the less likely that the seizures 
will respond to treatment (81). If the IQ is normal and the 
child has spastic diplegia, the child is more likely to have 
had a single seizure or to have responded to monother-
apy (74). Conversely, among children who are mentally 
retarded, those who also have epilepsy tend to be more 
severely affected (82). Chelune et al reported that among 
people with IQ of 75 or less, the chance that surgical 
treatment would fail to cure epilepsy was fourfold greater 
than when the IQ was higher (83). The concurrence of 
multiple neurologic handicaps has an adverse compounding 
effect on the child’s overall functionality, with the combined 
deficits having multiplicative rather than additive impact 
on the child’s functioning (84).

A majority of severely retarded children have defin-
able brain abnormalities that are known to heighten the 
risk of epilepsy. For example, in one series the causes 
of severe retardation (IQ � 50) included the following: 
36%, chromosomal abnormalities; 20%, congenital 

TABLE 67-4
Thirty-Year Outcome of Childhood Onset Epilepsy 

from a Population of Children 70% of Whom 
Had Cryptogenic or Symptomatic Epilepsy*

OUTCOME EPILEPSY CONTROLS

Primary education only 49% 23%
No vocational training 69% 52%
Unpartnered 35% 10%
Childless 51% 16%
No driver’s license 39% 16%
Unemployed  31% 8%

*Ongoing recurrent seizures that could not be prevented with 
medication were linked to the worst social outcomes (9).

TABLE 67-5
Occurrence of Epilepsy Among Various 

Intellectual Categories

  PREVALENCE OF

INTELLECTUAL CATEGORY EPILEPSY

Normal IQ 1%
Mild mental retardation (IQ 50–70) 15%
Severe mental retardation (IQ �50) 47%

Adapted from data in Susser et al (60).
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malformations; 12%, perinatal complications or infec-
tions; and 7%, single-locus genetic diseases. Only 3% 
had postnatal causes, and the unknown/other category 
accounted for 22% (60).

Studies conducted since the completion of the NCPP 
have provided more refined information about the inter-
relationship between epilepsy, mental retardation, and 
cerebral palsy (85). Ignoring whether the mental retarda-
tion is associated with cerebral palsy, the overall risk of 
epilepsy among mentally retarded people is 15%. Among 
mentally retarded children without cerebral palsy, the 
risk of developing epilepsy by age 22 years is substan-
tially lower, 5.2%. Mental retardation plus cerebral 
palsy increases the risk of developing epilepsy by age 22 
approximately sixfold to 38%. Mental retardation that 
has been acquired as a result of postnatal causes carries 
an even higher risk of also developing epilepsy, 66%.

Other manifestations of brain disease and epilepsy 
are interrelated in children who are neurologically abnor-
mal (Table 67-6). In young infants coincidental congeni-
tal disorders that do not seem to affect the nervous system 
directly nonetheless can be adversely related to IQ. For 
example, congenital heart disease is associated with a 
10-point reduction in mean IQ from 100 to 90.4 
(SD 23.5), resulting in a 19.8% risk of having an IQ 
below 70 (60). The mechanisms by which associated 
conditions such as this reduce IQ are undefined. Most 
of these patients have static, nonprogressive intellectual 
deficits unless additional insults to brain occur.

Thus, among youngsters with congenital neurologic 
abnormalities, the symptoms of mental retardation, motor 
disability, and epilepsy are tightly intertwined. These 
associations notwithstanding, the etiology of the brain 
dysfunction remains the principal determinant of IQ.

EPILEPTIC SYNDROMES (TYPES 
OF EPILEPSY)

A descriptive diagnosis by type of epilepsy or epileptic 
syndrome provides a more complete picture about the 
patient’s epileptic condition than a diagnosis by seizure 
type does. Syndromes are nonspecific in regard to etiol-
ogy and are defined by groups of symptoms that occur 
together. Several clinical elements define the various syn-
dromes. These include seizure type(s), precipitating fac-
tors, electroencephalographic (EEG) patterns (both ictal 
and interictal), response to various medications, age on 
onset, natural history, and associated clinical features 
such as whether the patient has encephalopathy includ-
ing motor deficits or mental handicap (86). The last two 
features, natural history, and the presence or absence of 
encephalopathy are central to this discussion because 
syndromic groupings usually imply an intellectual prog-
nosis. For example, the encephalopathic epilepsies, such 
as West syndrome, Lennox-Gastaut syndrome, and Doose 
syndrome, are regularly associated with cognitive impair-
ment. In other syndromes, such as childhood absence 
epilepsy, the prognosis is benign including the intellectual 
outcome (Table 67-7). Some syndromic phenotypes can 

TABLE 67-7
Examples of Epileptic Syndromes and 

Prognosis for Cognitive Function

Unfavorable Cognitive Development

 West syndrome (infantile spasms)
 Severe myoclonic epilepsy of Infancy
 Lennox-Gastaut syndrome
 Doose syndrome
 Landau-Kleffner syndrome
 Rett syndrome

Favorable Cognitive Development

 Febrile seizures
Childhood absence epilepsy (petit mal, 
 pyknolepsy)
Benign partial epilepsy of childhood 
 (rolandic epilepsy)

 Juvenile myoclonic epilepsy

TABLE 67-6
Associations of Comorbid Neurologic Handicaps 

in Children from the National Collaborative 
Perinatal Project (NCPP)

INDEPENDENT
 DEPENDENT VARIABLE

VARIABLE CP SZ MMR SMR

CP  33.9% 30% 30%
CP and MR  38%  
Hemiplegia  50%  
Quadriplegia  27%  75%

SZ 19%  27% 

MR 20% 13–22%  
Postnatal MR  66%  

SMR 20% 47%  
Autism  25%  

CP 	 cerebral palsy; SZ 	 seizures; MMR 	 mild mental 
retardation; SMR 	 severe mental retardation.

Independent variables are listed in the leftmost column 
(60, 85, 153, 154).
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evolve as the child grows older and as a result of other 
influences. Examples include the evolution of West syn-
drome to Lennox-Gastaut syndrome and the emergence 
of severe myoclonic epilepsy of infancy following febrile 
seizures.

Some syndromes evolve over time and most have 
indistinct boundaries (87, 88). A given syndrome can 
result from many causes and be either symptomatic or 
be idiopathic (primary). In most instances the idiopathic 
cases have the better prognosis for control with medica-
tion, for eventual remission and for intellectual outcome. 
Approximately 50% of children who have epilepsy can 
be categorized into one of the epileptic syndromes.

Encephalopathic Epilepsies

Epileptic encephalopathy (or encephalopathic epilepsy) 
is a term that has been used to describe the development 
of mental impairment that is often associated with a high 
frequency of seizures that are resistant to medication (89). 
The usual progression of events is stagnation of develop-
ment, which causes the affected child to be left behind 
developmentally by his peers. Less often the child actually 
regresses developmentally through the loss of previously 
acquired skills and knowledge.

The mechanisms by which certain epilepsies lead 
to progressive encephalopathy are poorly understood 
(90). The major ones—West syndrome, Lennox-Gastaut 
syndrome, and severe myoclonic epilepsy of infancy 
(SMEI)—are characterized by early childhood onset, 
high frequencies of seizure, and multiple types of sei-
zures. Others such as Landau-Kleffner syndrome and 
the syndrome of electrical status epilepticus during sleep 
(ESES, also called the syndrome of continuous spikes and 
waves during slow wave sleep, CSWS) have a low fre-
quency of seizures or, in some cases, no seizures (91). The 
central elements of these disorders are severe encepha-
lopathy manifested by language impairment. West syn-
drome and Lennox-Gastaut syndrome are interrelated 
in that approximately half of the infants who develop 
infantile spasms later evolve into the clinical pattern of 
Lennox-Gastaut syndrome (92). West syndrome consists 
of infantile spasms, an EEG pattern of hypsarrhythmia, 
and developmental arrest. Lennox-Gastaut syndrome 
includes multiple seizure types, especially tonic, astatic, 
partial, and atypical absence seizures, developmental 
arrest, and a slow spike wave pattern on EEG. In an epi-
demiological study that did not include mental retardation 
as a diagnostic criterion, 91% of affected children had 
IQs of 70 or less (93). Doose syndrome is the idiopathic 
version of Lennox-Gastaut syndrome. Normal intellect 
can be preserved if seizures can be controlled in Doose 
syndrome, but mental impairment accrues if seizures rage 
on. Although labeled as a syndrome, Rett syndrome is 
actually an etiologic entity. It is a genetic, progressive, 

relentlessly degenerative condition that has its onset in 
girls in the first or second year of life (94, 95).

Seizure Type

The ictal behavior that occurs during a seizure determines 
the seizure type and depends on the area(s) of brain in 
which the abnormal neuronal discharges are occurring. 
Any specific type of seizure can have a multiplicity of 
causes. As a result seizure type is generally a feeble cor-
relate of other aspects of the epileptic condition. Further-
more there is a high rate of error in the clinical diagnosis 
of seizure types, especially when the behavior in question 
is epileptic staring.

Generalized seizures and generalized epileptiform 
patterns on the EEG have been linked to greater degrees 
of cognitive impairment than partial seizures, but these 
types of relationships are inconsistent. One comparison 
of neuropsychologic test results from people with partial 
seizures to those with partial secondarily generalized sei-
zures found that those with secondarily generalization 
perform less well on tests of concentration and mental 
flexibility (96). Moreover, these differences were present 
before drug therapy was initiated. In another study that 
looked at the effects of partial versus partial secondary 
generalized seizures, patients with only partial seizures did 
better than those with secondary generalization on sub-
tests of arithmetic, digit span, digit symbol, block design, 
and object assembly (97). Wilkus and Dodrill found that 
on 11 of 15 Halstead-Reitan measures patients with gen-
eralized EEG discharges performed worst, patients with 
focal EEG discharges had intermediate performances, and 
patients with no epileptiform EEG discharges performed 
best (98).

Data from Farwell et al (3) (Table 67-8) and from 
Bourgeois et al (1) (Figure 67-4) illustrate how the 
patients’ predominant seizure types correlate with IQ 
overall. For example, generalized absence seizures are a 

TABLE 67-8
Seizure Types and Average IQ Among 

Children 6–15 Years Old (3)

 GROUP

SEIZURE TYPE AVERAGE IQ

Minor motor 70
Atypical absence 74
Partial and generalized 96
Partial only 98
Generalized tonic-clonic 99
Classical absence and 106
 generalized tonic-clonic
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feature of many epileptic syndromes, some benign and 
some ominous. Absence seizures that occur in petit mal 
epilepsy bear a substantially better prognosis than atypi-
cal absence seizures that are coupled with other types 
of generalized seizures such as astatic seizures or drop 
attacks. Atypical absence seizures and astatic or drop 
seizures have been labeled collectively as minor motor sei-
zures; these have a poor prognosis for mental development 
and functioning. Groups of children with classic absence 
seizures have a mean IQ that is above average. These 
youngsters probably have childhood absence epilepsy 
(petit mal epilepsy, pyknolepsy), whereas those patients 
with classic absence plus generalized tonic-clonic sei-
zures most likely have juvenile myoclonic epilepsy, both 
of which are genetically determined and are linked to 
normal or superior intellect. However, absence seizures, 
especially atypical absence seizures, are linked to some of 
the worst cognitive outcomes when they occur in children 
with encephalopathic epilepsy such as infantile spasms 
or Lennox-Gastaut syndrome. Consistent with these rela-
tionships, hospital-based studies of children have found 
that nonconvulsive absence seizures are associated with 
lower cognitive scores than convulsive seizures (20).

The major drawback with trying to relate seizure 
type to intellectual outcome is that the classification of 
seizure types provides only limited information (99). Sei-
zure types are ictal behavioral phenotypes. Although they 
provide clues as to the anatomical origin of the epilep-
tic discharges, they are nonspecific in relation to either 
etiology or epileptic syndrome. Whereas individual sei-
zure types have many causes and occur in many different 

syndromes, attempts to correlate seizure types with cogni-
tive ability usually fall short.

Localization of Partial Seizures

Along with seizure type, seizure frequency, and epileptic 
syndrome, the localization of partial seizures is some-
times related to cognitive difficulty (20, 50, 100, 101). 
Fixed cerebral lesions and neurologic deficits produce 
more consistent clinical pictures than interictal EEG epi-
leptic foci, which tend to wander over time in conditions 
such as benign partial epilepsy of childhood (BPEC), 
also known as benign rolandic epilepsy. Compared to 
children with the transient condition BPEC, children 
with chronic temporal lobe epilepsy scored lower on 
reading comprehension and reading speed. Notably, 
both groups were affected, but children with temporal 
lobe epilepsy were affected more so (102). Moreover, the 
types of abnormality found in repeated recordings from 
the same individuals can fluctuate over time, switch-
ing from focal to generalized epileptiform patterns and 
vice versa (103). Localized discharges also vary in their 
distant effects on other brain regions that play key roles 
in cognition. Positron emission tomography (PET) scans 
have demonstrated depressed cerebral metabolic activ-
ity in areas that are remote from EEG-defined epileptic 
foci (104, 105). These mechanisms of distant neuronal 
suppression appear to impair cognitive processing more 
so than memory.

Nonetheless, many investigators have found relation-
ships between the cerebral localization of focal seizures 
and cognitive and/or behavioral outcomes. The results 
of this line of research generally support the theory that 
left-sided abnormalities are prone to interfere with verbal 
cognitive functions (106). High frequency of seizures has 
been linked to inattention (107, 108).

Although children with BPEC have normal IQs 
(109, 110), there are reports of heterogeneous patterns 
of difficulties with fine motor control, visual learning, 
and attention (109). No single cognitive profile has been 
identified, but some investigators have found that school 
difficulties and transiently weak scores improved after 
the EEG abnormalities abated (111). Other investigators 
found spike frequency to have greater impact on cogni-
tion than spike localization (112). Among 40 children with
benign rolandic epilepsy (BRE), deficits in IQ were linked 
to spike frequency but not seizure frequency, lateraliza-
tion of focus, and duration since spike focus was first 
identified. Perisylvian discharges were linked to learn-
ing difficulties at school and with language dysfunction 
affecting reading, spelling, auditory verbal learning, 
expressive grammar, and auditory discrimination (113).

Some investigators have drawn attention to the 
transient adverse effects of nocturnal EEG discharges 
in BPEC (113). Frequent subclinical nocturnal EEG 
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FIGURE 67-4

Frequency distributions of IQ scores among children with 
various seizure types. The percentage values shown in paren-
theses indicate the proportion of the group that is expected to 
have an IQ of 70 or less. The average and standard deviations 
(SD) for the groups are febrile 100.7 (SD 24.0), mixed 91.2 
(SD 22.7), and generalized absence 109.7 (SD 16.4).
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discharges were linked to a heterogeneous group of 
educational, language, and behavioral impairments that, 
in themselves, were another mixed bag of disorders (114). 
After epileptic discharges in sleep stopped (remission of 
interictal discharges), IQ scores improved, as did perfor-
mances on several subtests including visuomotor coordi-
nation attention and picture naming (115). Children with 
dyslexia and EEG trait of BPEC had attention impairment 
comparable to those with dyslexia but no BPEC (116). 
The occurrence of seizures during sleep is a noteworthy 
feature of the severe epileptic encephalopathies including 
Lennox-Gastaut syndrome, Doose syndrome, Landau-
Kleffner syndrome, and ESES.

In a group of eight children with frontal lobe sei-
zures who were studied in detail, IQ was spared but 
performance varied with lateralization, frequency, and 
age of onset (107). Left-sided EEG localization affected 
verbal long-term memory and visuospatial analysis. 
Hendriks and colleagues (108) identified verbal memory 
problems with temporal lobe epilepsy, but deficits also 
were intensified by high frequency of seizures, early age 
of onset, and long duration. Compared to children with 
generalized absence epilepsy or with temporal lobe epi-
lepsy, children with frontal lobe seizures had reduced 
performance speed and were more distractible (117). 
Children with idiopathic occipital lobe epilepsy scored 
lower on attention and memory problems than nonepi-
leptic controls (118).

Early onset of temporal lobe epilepsy can cause 
speech and language functions to relocate to nontypical 
cortical regions. These changes may be linked to reduced 
performance on subtests, but overall measures of intel-
ligence are usually within the range of normal (119). 
Children with BPEC may relocate language away from 
the site of originally recorded spike focus (119, 120). 
Children who have left-sided brain abnormalities and 
shift language to either extratremporal bilateral or right 
brain language localization also show so-called crowding 
effects with nonverbal memory deficits.

Muszkat et al compared test results from 26 children
with partial epilepsy to those from 61 control chil-
dren who did not have epilepsy (121). Overall the 
children with epilepsy did less well than the control group. 
Furthermore, right-hemisphere EEG spike lateralization 
was linked to lower scores on measures of spatial abil-
ity and nonverbal attention. Left-hemisphere spike lat-
eralization was linked to low scores on only digit span. 
Mitchell et al found that children with epilepsy tended to 
have slower reaction time, more variable performance, 
and make more errors of omission, but not commission, 
than normal control children (22). In another study of 
eight children with frontal lobe epilepsy, left-sided EEG 
localization affected verbal long-term memory and visuo-
spatial analysis, whereas high frequency of seizures was 
linked to attention deficit (108).

Left hippocampal atrophy on MRI has been linked 
to problems with verbal memory (122). Among patients 
with left versus right mesial temporal sclerosis, those with 
left hippocampal atrophy had inferior general memory, 
verbal memory and verbal fluency, and naming (122, 
123). Hermann et al compared patients with left versus 
right temporal lobe EEG foci (124). Subjects with left 
EEG foci did worse than either patients with right tem-
poral foci or control subjects on verbal learning ability, 
immediate memory, and retrieval of verbal material from 
memory. Patients with left temporal lobe foci also had 
more problems with semantic organization, whereas the 
group with right temporal abnormalities did as well as 
controls. In another study, adult patients with left, but 
not right, temporal lobe EEG foci had reduced recogni-
tion of symbols presented tachistoscopically in their right 
visual fields. However, epileptic patients as a group had 
worse retention (memory) for the symbols than controls 
(125). In yet other studies left-sided lateralization of 
the epileptic focus was linked to loss of verbal abilities, 
whereas right-sided lateralization was linked to loss of 
nonverbal cognitive functions (126). Verbal-manual tasks 
used to assess cerebral organization for language indicate 
those children with left, but not right, hemisphere EEG 
foci have atypical patterns of cerebral dominance such 
as bihemispheric dominance (127). Right-sided temporal 
lobe epileptiform activity due to BPEC was accompa-
nied by deficits in recognition memory (108, 119, 128). 
Billingsly and Smith reported lowered performance on 
both verbal and nonverbal IQ subtests by children with 
atypical cortical representation of speech (119).

Whereas linkages between cognitive difficulties and 
the laterality of EEG foci tend to be inconsistent, structural 
hemispheric lesions that produce hemiplegia have more 
dependable relationships to cognitive outcome. Sussova 
et al reported that among children with hemiplegic cere-
bral palsy, 80% had paroxysmal EEG features, although 
less than half actually had seizures (129). In these children 
the presence of epilepsy, not simply EEG abnormalities, 
was linked to lower IQ scores, an observation that was 
confirmed subsequently by others (130). Interestingly, in 
this particular study, right hemisphere lesions were more 
often linked to low IQ than left hemisphere lesions. In a 
different study, left hemispheric dysfunction producing 
right hemiplegia and epilepsy was linked to reduced IQ 
scores (26).

In children with tuberous sclerosis, the higher the 
number of lesions on MRI, the lower the IQ, the worse 
the behavior and the more severe the epilepsy (131). 
There are also relationships between the age of onset 
and cognitive outcome in tuberous sclerosis.

Epileptic foci in the left hemisphere have been linked 
to behavior disturbances, too. Corbett et al found that 
patients whose seizures originated in the left hemisphere 
were more likely to have behavior problems including 
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destruction of property, worrying, irritability, fussiness, 
and being resentful and aggressive (69).

Overall, however, in comparisons of the influence of 
various epilepsy-related variables on cognitive outcome, 
laterality of the epileptic seizure has been a less powerful 
covariable than age of onset (132).

Interrelationships of Epilepsy-Related Variables

Epilepsy-related variables that are linked to cognitive 
ability tend to be interrelated and often occur simulta-
neously. As will be seen in the sections that follow, age 
of onset and duration of epilepsy are closely intertwined. 
Collectively, these variables relate loosely to the overall 
intensity of the epileptic disorder. Dikman and colleagues 
evaluated 14 measures from the Halstead-Reitan Battery 
in adults who were categorized on the basis of seizure 

frequency, age of onset, and duration of epilepsy (133). 
Seizure frequency was directly related to reductions on 7 of 
14 measures. Specifically, the average full-scale IQ declined 
from 95 to 81 as seizure frequency increased from 3 or fewer 
per year to more than 12 per year (Figure 67-5). When these 
investigators combined all three risk factors and compared 
the 12 patients with lowest risk to the 12 who had the high-
est risk, most cognitive measures were worse in the high-
est risk group—those patients who had the earliest onset, 
longest duration, and highest frequency of seizures. Similar 
findings have been reported by others (134).

Age of Onset of Epilepsy

Many investigations have found relationships between 
the age of onset of seizures and IQ (1, 3, 133, 135). In 
the study by Farwell et al the correlation between age 
of onset and full-scale IQ was 0.30: the older the age of 
onset, the higher the IQ 3. Overall, the onset of epilepsy in 
the first year of life has an ominous prognosis (136, 137). 
A long-term prospective study of 133 children whose 
epilepsy began in the first year found that 11% died 
before reaching age 7 years, 40% were severely retarded, 
and only 40% had an IQ of greater than 70 (138). The 
prognosis was the same no matter whether the child had 
infantile spasms or another type of epilepsy.

In the NCPP, epilepsy in the first year of life was 
associated with an average IQ of 91.8 (SD 22.0), which 
would result in 16.7% of this group being mentally 
retarded (11). In clinic-based studies the variables of age 
of onset and duration of epilepsy are usually interrelated. 
For example, Dikmen et al found that among adults with 
persistent epilepsy that began in childhood, the average 
group IQ declines in relation to the age of onset, the 
younger the age of onset the lower the IQ score (133) 
(Table 67-9). In addition, the early-onset group did worse 
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FIGURE 67-5

Effect of seizure frequency on full-scale IQ among people hav-
ing seizure frequencies that were low (3 or fewer seizures per 
year), moderate (4–12 seizures per year), or high (12 or more 
seizures per year). Data are from Dikmen et al (133).

TABLE 67-9
Age of Seizure Onset and IQ Among Adults 

who Had Childhood Onset of Epilepsy that Lasted for 4 or More Years

 AGE OF ONSET

 EARLY (0–5 YEARS) LATE (10–15 YEARS)

Number of subjects 22  22 
Duration (years) 22.28 (10.4) 23.6 (9.68)
Verbal IQ 81.04 (13.45) 91.00 (17.37)*
Performance IQ  78.14 (15.25) 88.41 (16.22)*
Full-scale IQ 78.5 (14.1) 89.36 (17.22)*
Fraction retarded 28.5%  13.7% 

*P � 0.01.
Values in parentheses are standard deviations.
Adapted from Dikmen et al (133).
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on all 10 WAIS subtests, with statistically significant dif-
ferences occurring on information, comprehension, arith-
metic, and object assembly.

Seizure-related variables can interact simultaneously 
with etiology and the location of cerebral lesions to con-
tribute to the child’s cognitive capabilities. For example, 
in tuberous sclerosis the age of onset of seizures correlates 
with IQ: the earlier the onset of seizures, the lower the 
IQ (135) (Figure 67-6). Whereas most people with tuber-
ous sclerosis are mentally retarded, virtually all mentally 
retarded patients with tuberous sclerosis have epilepsy, 
too. Finally, the location, number, and extent of cerebral 
lesions in tuberous sclerosis play central roles in shaping 
the overall clinical picture (131).

Seizure Frequency

Seizure control usually results in improved cognitive 
function (138–141) (Table 67-10.). Farwell et al found 
that among children whose seizures were controlled, the 
mean IQ was 99.6 compared to 87.0 for the group with 

continuing seizures (3). Among those patients whose 
seizure frequency declined there were overall improve-
ments in IQ plus improvements on 8 of 11 subtests. By 
contrast, only the performance IQ and object assembly 
score improved on repeated testing among those whose 
seizure frequency remained the same or increased.

Although the severity of the epilepsy has been linked 
to the degree of mental handicap, severe mental handicap 
does not preclude good seizure control (141).

In BPEC spike frequency, not seizure frequency or lat-
eralization of the focus, has been linked to reduced IQ and 
other measures of cognition (112). Compared to control 
children, children with rolandic spikes tended to suffer from 
impaired IQ, defective visual perception, short-term mem-
ory disturbance, plus deteriorated psychiatric status and 
fine motor performance. However, after rolandic epilepsy 
remits, the cognitive impediments usually resolve (142).

Intuitively, seizure frequency would seem to be asso-
ciated with cognitive impairment because of the extremely 
high frequency of seizures among children with encepha-
lopathic epilepsies. In practice this association has proven 
difficult to document, especially when the seizure fre-
quency is moderate to low. For example, among children 
with febrile seizures, neither the number of seizures nor 
the duration of individual seizures was associated with 
a reduction in IQ among patients compared to siblings. 
In the NCPP, among 36 children who had three or more 
febrile seizures, the full-scale IQ was 95.9 (SD 10.8) ver-
sus 95.9 (SD 11.6) in control siblings (143).

Duration of Epilepsy

In most studies the duration of epilepsy is related to the 
age on onset in that an early age of onset tends to be 
followed by a prolonged duration of the disorder. Thus, 
both of these factors are associated with reductions in 
group IQ scores. In some studies the duration of epilepsy 
has been inversely correlated with IQ in children with a 
correlation coefficient of �0.40 (3). When adjusted for 
duration of seizure-free years, the correlation has been 
even stronger, �0.62.

Factors that predict persistent seizures are also 
linked to adverse cognitive outcomes for children with 
epilepsy. These include frequent seizures, an early age of 
onset, secondary generalization, symptomatic epilepsy 
due to structural brain lesions, and abnormal neurologic 
status (143). When clinic-based groups of children who 
have partial seizures have been followed for long periods 
of time, those who have these features are at high risk 
for cognitive and social morbidity plus seizure-related 
death (144, 145). Among children with epilepsy due to 
Sturge-Weber syndrome, those with lower IQs had longer 
duration of epilepsy and more seizures (105).

Although population-based studies do not provide 
evidence that cognitive decline occurs in people with 

TABLE 67-10
Effect of Improved Seizure Control 
Among Young Adults with Epilepsy

 TEST RETEST

Verbal IQ 91.96 (12.51) 95.55 (12.02)
Performance IQ 86.09 (12.51) 96.32 (16.41)
Full-scale IQ 88.78 (12.12) 95.64 (13.76)

Values shown are means and standard deviations.
Adapted from Seidenberg et al (153).
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FIGURE 67-6

Relationship of age onset of seizures to IQ scores in children 
with tuberous sclerosis. Reproduced from Gomez (135) with 
permission.
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epilepsy, studies from institutions and from referral cen-
ters indicate that severe epilepsy is occasionally followed 
by declining IQ scores. Whereas these changes materialize 
insidiously over years to decades, repeated evaluations 
over long periods of time are needed to identify when 
this is occurring (9). Corbett et al found that 15.7% of 
patients at Lingfield Hospital experienced a reduction in 
IQ of 15 or more points (69). Factors that were associ-
ated with decreased IQ included higher levels of primi-
done and phenytoin and lower folate levels, but not the 
severity of EEG abnormalities or the seizure frequency. 
In a prospective clinic-based study of children with epi-
lepsy, decreasing IQ scores were associated with earlier 
age of onset, more difficult-to-control seizures, having 
drug levels in toxic range, and having more drugs that 
caused toxicity (1). However, the mean IQ for the group 
as a whole did not decline. Although IQ scores declined 
in 11.1%, they increased in 16.7%.

Long-term follow-up of children with temporal 
lobe epilepsy indicates that a high percentage encoun-
ter academic failure if seizures continue unabated for 
years. In the series reported by Lindsay et al, there were 
4 seizure-related deaths before age 16 years. A total of 
10 of 58 children who were candidates for epilepsy sur-
gery died. Among those whose seizures persisted and who 
were not treated surgically, only 25 of 45 completed regu-
lar school and 16 of 45 experienced early cognitive dete-
rioration (144). Only 4 of the 45 members of this group 
were employable, and only 6 obtained driver’s licenses. In 
another study (134), compared to healthy controls, people 
with prolonged temporal lobe epilepsy had reduced per-
formance on tests of intelligence, language, motor speed, 
and executive function with longer duration associated 
with declining mental capability. As noted previously, 
symptomatic etiology can be linked to long-duration epi-
lepsy and poor social adjustment in adult life (9).

Epilepsy and Neuropsychiatric Adaption

Although adults with epilepsy have a greater risk of 
neuropsychiatric problems, the nature and extent of 
these problems is difficult to characterize. In the Vet-
erans Administration Collaborative Study 118, patients 
were compared to normal controls before therapy (146). 
Patients with epilepsy had significantly worse scores on 
14 of 18 neuropsychologic measures before medication 
was started. However, the risk of neuropsychologic com-
promise among adult patients with epilepsy seems to be 
the same as among patients with other chronic neuro-
logic ailments. Hermann et al found no differences due 
to seizure type or age of onset on Minnesota Multiphasic 
Personality Inventory (MMPI) measures of psychopathol-
ogy, but epilepsy per se was associated with a greater risk 
of problems (147). After an extensive analysis of MMPI 
profiles from the literature, other investigators have con-

cluded that compared to people without epilepsy, patients 
with epilepsy are at higher risk for psychopathology, but 
the risk associated with epilepsy is similar to that asso-
ciated with chronic disease in general (148). In a later 
report, Dodrill and Batzel reiterated that patients with 
epilepsy are at greater risk than normal, but they argued 
that the risk of psychopathology for people with epilepsy 
is the same as for people with other neurologic disease; 
both of the neurologic disease groups, epileptic and non-
epileptic, have higher risk than patients with chronic, 
non-neurologic diseases (149). The excess of psychopa-
thology among people with neurologic disease is manifest 
primarily as a high prevalence of psychotic MMPI profiles 
for both epileptic and other neurologic groups.

Studies in adults that relate seizure type to distinc-
tive personality profiles are controversial. Although some 
investigators have suggested that adults with temporal 
lobe epilepsy have distinctive personalities, others have 
been unable to confirm it (148, 149). Thus a majority 
of investigators conclude that temporal lobe epilepsy is 
no worse than any other type of epilepsy in this regard. 
Dodrill and Batzel, in reviewing this issue, also criti-
cized the item content of the MMPI as being inappro-
priate for patients with epilepsy (149). In general, when 
adults with epilepsy have psychopathology, it tends to 
be severe (148). Depression is a particularly common 
problem (150).

Psychological tests in teenagers do correlate with 
overall adjustment later in adulthood. Dodrill and 
Clemmons followed up patients with epilepsy 5.9 (SD 
1.86) years after their original evaluations during adoles-
cence. The patients were rated on vocational adjustment 
(unemployed to full-time employment in four categories) 
and on daily life functioning (fully dependent to inde-
pendent in three categories) (151). The MMPI did not 
predict either vocational or life functioning. Predictive 
measures of being fully functional (adequate in both voca-
tional and independence measures) included the Halstead 
Impairment Index, Seashore Rhythm, Aphasia Screening 
(total errors), and verbal, performance, and full-scale IQ. 
Discriminant function analysis indicated that vocational 
adjustment related best to the Halstead Impairment Index, 
whereas independence in living was predicted by Seashore 
Rhythm and thematic perception test (TPT) (memory). 
Language skills were especially important. In a separate 
study, marital adjustment among adults with epilepsy 
was more related to emotional adjustment, whereas living 
independently was related to mental ability (152).

CONCLUSIONS

Although most children with epilepsy are developmen-
tally and behaviorally normal, children with epilepsy as a 
group have an average IQ that is approximately 10 points 
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lower than in children without epilepsy. Learning dis-
abilities are also more prevalent among children with 
epilepsy. Boys are at higher risk than girls. The lower IQ 
found among groups of epileptic children is largely a con-
sequence of antecedent, etiologically specific neurologic 
abnormalities rather than a consequence of seizures or 
antiepileptic drug therapy.

Although seizures do not cause i\ntellectual decline 
in most cases, certain exceptional encephalopathic epi-
leptic syndromes are associated with abnormal develop-
ment and intellectual decline. These severe epilepsies are 
so rare that they are not encountered to a meaningful 
extent in most population-based studies. Among all epi-
leptic syndromes, childhood absence epilepsy (pykno-

lepsy or petit mal epilepsy) alone is associated with an 
above average IQ.

Among all epilepsy-associated variables, etiology 
plus the location and extent of cerebral lesion(s) best pre-
dict cognitive abilities in children with epilepsy. The risk 
of associated mental retardation in patients with epilepsy 
is increased when there is associated motor impairment, 
when epilepsy begins at an early age, when the duration 
of epilepsy is prolonged, when there are multiple seizure 
types—especially minor motor seizures—and when mul-
tiple drugs in high doses are required. Childhood epilepsy 
with uncontrolled seizures that persists into adulthood 
can cause dramatic and pervasive disruption of the acqui-
sition of adult social and cognitive skills.
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Academic Deficits 
and Interventions in 
Pediatric Epilepsy

n this chapter, we address issues of 
academic achievement and educa-
tional intervention for children with 
epilepsy. We approach this discus-

sion on two levels. First, we highlight common educa-
tional concerns for children with epilepsy. We then review 
research on educational interventions and teacher atti-
tudes toward epilepsy and discuss the impact this has on 
classroom education. Likewise, we discuss specific aca-
demic deficits in the areas of reading and language that 
are associated with pediatric epilepsy. We explain what is 
known about the underlying cognitive correlates of these 
difficulties, both in epilepsy and in other neurobehav-
ioral disorders with similar symptom profiles. We discuss 
empirically supported interventions used to treat these 
academic deficits in other populations and examine their 
applicability to the pediatric epilepsy population. At the 
end of the chapter, we address this issue clinically using 
our experiences as practitioners and advocates working 
with patients and families. We provide guidelines on how 
to design an appropriate intervention for a specific child. 
We discuss the importance of teacher awareness and 
parent-teacher-student communication and make sugges-
tions for obtaining special education services for children 
with epilepsy. In conclusion, we stress the importance 
of the role of the clinician as an educational advocate, 

Caroline E. Bailey
Rochelle Caplan

and advocate for empirical investigations of academic 
interventions for children with epilepsy.

ACADEMIC DEFICITS IN 
PEDIATRIC EPILEPSY

Academic achievement difficulties are well documented 
in children with epilepsy (1–7). Yet, comparatively few 
investigations have examined these deficits in terms of 
the underlying cognitive and illness-related variables 
contributing to specific areas of academic weakness. 
In the linguistic domain, these areas of academic con-
cern include reading and spelling (2, 4, 6, 8), spoken 
language, vocabulary development, rapid naming, ver-
bal memory, and higher-level discourse deficits (2, 3, 
9–11). Whereas important environmental factors such 
as family support and socioeconomic status affect aca-
demic achievement (3, 4), identifying the cognitive and 
linguistic correlates associated with academic failures in 
children with epilepsy is a key component in the process 
of understanding the academic needs of this population. 
This is particularly germane to the important task of 
determining appropriate educational interventions for 
children with epilepsy. Although educational interven-
tions for children with learning disabilities have been 
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well researched, educational interventions for the aca-
demic deficits associated with pediatric epilepsy remain 
grossly unstudied, in contrast to other conditions such as 
dyslexia, language impairment, and autism. At this point 
in time, empirically supported educational interventions 
for children with epilepsy are sorely lacking, in contrast 
to the large number of academic interventions geared 
toward other populations with learning difficulties. 
Few academic intervention studies have been conducted 
among children with epilepsy, largely because empirical 
groundwork is still being laid in terms of identifying 
the underlying mechanisms associated with academic 
failure in these patients. From the perspective of the 
advocate (a role often filled by the pediatric specialist), 
it is not sufficient to simply identify academic deficits 
in children with epilepsy without understanding their 
underlying cognitive mechanisms. Hence, it is timely and 
appropriate for educational issues in pediatric epilepsy 
to be addressed.

EDUCATIONAL CONCERNS

Many parents of children with epilepsy are concerned 
about finding appropriate school placements for their 
children. Given that children with epilepsy are at risk for 
academic failure and poor vocational outcome (12) and 
have been shown to manifest social, cognitive, and aca-
demic difficulties (2, 13), this concern is important and well 
founded. Of particular importance to parents are issues of 
special education and access to appropriate educational 
services. Although savvy parents are able to advocate for 
the immediate health needs of their children with epilepsy, 
many caregivers have difficulty accessing appropriate 
educational interventions. Likewise, some school districts 
may be hesitant to recognize that children with epilepsy 
may experience learning difficulties in conjunction with 
their medical illness. Given the lack of well-controlled 
studies investigating specific academic interventions with 
the pediatric epilepsy population, parents and educators 
are often unable to identify appropriate classroom options. 
In many cases, educational professionals lack sufficient 
knowledge of epilepsy to provide expert guidance. When 
this occurs, the clinician familiar with pediatric epilepsy 
plays a vital role as an educational advocate.

TEACHER AWARENESS OF AND 
ATTITUDES TOWARD EPILEPSY

Teachers report a lack of knowledge of the academic 
challenges associated with epilepsy (14). Despite evidence 
that children with pediatric epilepsy use special education 
services both before and after diagnosis of epilepsy (15), 
teachers appear unaware of their special education needs. 

A recent community-based study of 613 children with 
newly diagnosed epilepsy indicates that 58% received 
special education services 5 years after diagnosis (15). 
Although children with remote symptomatic epilepsies 
were most likely to be identified for services, approxi-
mately 50% of the children in the sample with crypto-
genic and idiopathic epilepsy also used special education 
services.

A common misconception among educators is that 
academic deficits in children with epilepsy are a result 
of medication and other illness-related variables and 
therefore cannot be treated with educational strategies 
and interventions. However, it is well documented that 
many children with epilepsy have already begun receiv-
ing special education before seizure onset, illustrating 
that behavioral and neurocognitive processing deficits 
precede the onset of seizures in many cases (15–17). 
Given the broad effect of epilepsy-related academic defi-
cits, learning disabilities associated with pediatric epi-
lepsy constitute a unique area of clinical concern, ripe 
for awareness and development of sound educational 
interventions.

Historically, in the United States, teachers’ atti-
tudes toward students with epilepsy have been negative, 
in part because of knowledge gaps about epilepsy (14). 
However, as more information about epilepsy has been 
disseminated, attitudes have improved, and once com-
monly held misconceptions such as that “children with 
epilepsy are insane or prone to criminal activity” have 
decreased among educators (18). Bishop and Boag found 
that as a group, teachers hold positive attitudes toward 
students with epilepsy (14), but teachers’ attitudes are 
influenced by teacher-related factors including their age, 
level of education, and classroom experience. Happily, 
teachers with experience working with students with epi-
lepsy demonstrated the most positive attitudes toward 
epilepsy, supporting the notion that education about 
epilepsy helps create positive attitudes about the condi-
tion. Despite these positive findings, teachers still hold 
misconceptions and biases such as that “students with 
epilepsy are more accident prone” and “families of chil-
dren with epilepsy should not be provided additional 
social support services”—suggesting that more teacher 
education is needed.

Teachers generally are aware that they are undered-
ucated about the needs of children with epilepsy. Despite 
their positive attitudes toward students with epilepsy, as 
a group teachers report that they lack their knowledge 
of epilepsy and educational strategies appropriate for 
teaching children with epilepsy. In the Bishop and Boag 
study, approximately 70% of teachers reported having 
below-average knowledge of life circumstances and con-
ditions of students living with epilepsy (14). Teachers 
felt unprepared to teach students with epilepsy because 
of lack of knowledge of the disease and its impact on 
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classroom learning. This is in part because the education 
curriculum for teachers does not address the learning 
needs of children with epilepsy. Moreover, the lack of 
controlled studies of educational intervention for these 
students is likely a further contributor to educators’ 
unfamiliarity with the learning needs of pediatric epi-
lepsy patients. To date, only one published study has 
addressed this issue (19). Nonetheless, a majority of 
teachers want to learn more about management of epi-
lepsy in the classroom.

CURRENT EDUCATIONAL INTERVENTIONS 
FOR CHILDREN WITH EPILEPSY

In an important step toward implementing evidence-
based instruction methods for children with epilepsy 
and prominent learning disabilities, Humphries et al 
conducted a pilot study examining the effectiveness 
of Direct Instruction on a group of 55 students with 
intractable epilepsy and severe learning difficul -
ties (19). Based on the principles of teacher-directed 
lessons, Direct Instruction techniques feature highly 
sequenced and scripted teaching geared toward teach-
ing students to accomplish salient, individualized tasks. 
Students received instruction in a small classroom set-
ting 3 to 4.5 days per week for up to 16 weeks. At 
pretest, students were underachieving in both reading 
and mathematics. At posttest, after the intervention, 
gains occurred in all areas except word identification. 
Treatment gains were related to IQ, not to seizure-
related variables.

Children with severe epilepsy are receptive to highly 
structured, sequential learning tasks targeting specific 
academic areas (19). Given that more severely ill children 
do well with these techniques, it is likely that structured 
intervention techniques may benefit less severely affected 
children, too. Furthermore, many current interventions 
for learning disabilities usze a similar structured approach 
(20, 21). Although no controlled studies have evaluated 
specific techniques, these remediation methods merit fur-
ther clinical research.

 COGNITIVE AND ACADEMIC DEFICITS 
ASSOCIATED WITH PEDIATRIC EPILEPSY

Language and reading deficits are frequently associ-
ated with childhood epilepsy. Research on educational 
interventions used in children with and without epilepsy 
who demonstrate similar learning deficits provide clini-
cians with information about options for educational 
interventions. Although these treatments have not been 
specifically studied in the pediatric epilepsy population, 
there is good evidence that they are efficacious in 

children demonstrating similar language-based learning 
difficulties (22, 23).

Language Skill Deficits

How many times have clinicians heard parents report 
that their child with epilepsy “just doesn’t listen,” “won’t 
follow directions,” or “doesn’t express himself well ver-
bally or on paper”? Although comorbid attention deficit 
hyperactivity disorder (24) and illness-based reasons for 
difficulty with spoken and written language, such as high 
frequency of seizures or medication intoxication, should 
not be overlooked, language disorder is a common prob-
lem among children with epilepsy (11, 25). In a recent 
study 42% of children with epilepsy had some degree of 
language difficulty. Furthermore, children with focal epi-
lepsies were 30% more likely manifest language disorder 
than those with other varieties of epilepsy (26).

Many children with complex partial seizures (CPS) 
have delayed verbal language skills (11, 27, 28). Schoen-
feld et al compared a group of children with CPS to a 
sibling control group and found that the patients had 
expressive language deficits in the areas of oral vocabu-
lary, oral fluency, and category fluency (27). Fastenau 
and colleagues found below-average performance on the 
Stroop naming tasks, suggesting underdeveloped con-
frontation naming skills and slowed verbal retrieval (3). 
Caplan et al found deficits in how children with CPS use 
language to formulate their thoughts. In conversations 
with CPS children, listeners often experience difficulty 
following who and what the child is talking about (10). 
Children with CPS have deficits in expressive language 
skills and phonological processing (28).

Basic language deficits in children with CPS are 
related to seizure frequency, to number of antiepileptic 
drugs (11), and to age of onset (27), suggesting a correla-
tion between the degree of language impairment and the 
severity of epilepsy. Higher-level discourse skills are asso-
ciated with verbal IQ, gender, seizure frequency, and age 
in these children (29). However, in children with intrac-
table epilepsy who were surgical candidates as well as in 
children who were treated medically, cognitive function-
ing falls below age expectations across a wide variety of 
areas including language skill (30). Thus, seizure-related 
variables account for some but not all of the language 
difficulty in children with CPS.

Language difficulties are also present in children 
with benign childhood epilepsy with centrotemporal 
spikes (BECTS) including problems such as poor articu-
lation, stuttering, and word-finding difficulties (31). 
Children with active BECTS and those in remission expe-
rience difficulty with expressive language, particularly 
in grammar (32). However, language deficits in these 
children appear to be strongly associated with atypical 
seizure characteristics (33).
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Research on language skill in other forms of childhood 
epilepsy indicates problems that are less well documented. 
Compared to normal peers, children with generalized 
tonic-clonic seizures and children with absence seizures 
exhibit different patterns of brain activity when perform-
ing semantic processing and phonological tasks (34). 
Likewise, Caplan et al found that children with absence 
seizures and children with CPS have similar deficits in 
their abilities to use language to formulate thoughts (10). 
In contrast, Pavone et al suggested that language skills in 
patients with childhood absence epilepsy were relatively 
intact (35). In yet another study of children with absence 
seizures, communication deficits were related to duration 
of illness, male gender, and seizure frequency (36).

In summary, it is clear that many children with pediat-
ric epilepsy struggle with expressive language skills. These 
skills are an integral to gaining access to their educational 
curriculum and to scholastic achievement. Although at this 
time, there are no language interventions designed specifi-
cally for children with epilepsy, there are several intervention 
methods that have been studied in other populations.

Language Interventions—
Important Considerations

There are many options for language intervention for 
children with epilepsy. However, before committing to 
a specific intervention, parents who suspect their child 
is experiencing language difficulties should consult with 
a certified speech and language pathologist and request 
an assessment. This assessment is designed to identify the 
child’s specific strengths and weaknesses across speech 
and language domains including vocabulary, phonetics, 
grammar, pragmatic language, articulation, listening, and 
comprehension. This information is critical to tailoring 
interventions to the individual child’s needs.

In most areas, a request for a speech and language 
assessment can be made through the public schools. How-
ever, it has been our experience that, even in cases where 
children are receiving special education services on the 
basis of their medical illness, parents must ask the school 
authorities to conduct this testing, rather than relying on 
the authorities to refer their child for services spontane-
ously. In cases where school-based assessment is not avail-
able (i.e., where a child is attending a private school), many 
reputable and talented practitioners in private practice are 
licensed to provide this service. Physicians must make care-
givers aware of these resources and must be willing to make 
referrals themselves to speech and language pathologists.

Wallach recently reviewed important ideas to con-
sider when seeking speech and language intervention (37). 
Most importantly, interventions should be relevant to 
the curriculum and should focus on the question “What 
interventions will facilitate this child’s academic success?” 
Language disorders present on a continuum, resulting in 

wide variability in symptom profiles. In most cases spo-
ken language difficulties are related to written language 
difficulties. As such, written language skill is an important 
area for assessment. Likewise, reading is a language-based 
process. Children with language difficulty are prone to 
developing reading difficulties, a finding that has been 
supported by a large body of work (21). Hence, assess-
ment must be comprehensive and focus on deeper lin-
guistic skills and language-related difficulties, rather than 
addressing isolated symptoms.

Specific Language Intervention Strategies

Although there are no treatments that have been stud-
ied specifically for application to language disorder in 
children with epilepsy, there is a great deal of informa-
tion regarding interventions for children with specific 
language impairment (SLI). Although these interventions 
may not have been customized with children with epi-
lepsy in mind, we argue that information from the SLI 
treatment literature can serve as an important reference 
when considering treatment for language disability in 
children with epilepsy. Some of these interventions are 
described in the following paragraphs.

Verbal and nonverbal deficits in children with spe-
cific language impairment not only result in decreased 
school achievement but also can lead to behavioral prob-
lems in school (38). In many cases, grammatical knowl-
edge presents a distinct difficulty for children with SLI. 
Fey and colleagues listed 10 principles that are fundamen-
tal to grammatical intervention in children with SLI (38). 
Generally speaking, interventions must be developmen-
tally appropriate, with specific goals that are designed to 
increase the child’s fluent use of grammar in conversa-
tional language. Furthermore, interventions should take 
place in environments where social and linguistic context 
is stressed and where a systematic approach highlights 
morphological and phonological information.

The narrative-based language intervention has been 
evaluated as an approach to helping children with SLI 
improve their conversational skills (39). Poverty of speech 
content is a problem that plagues children with SLI. This 
intervention was designed to assist children in develop-
ing richer story content, as well as good story form and 
sentence form. The narrative-based language intervention 
has enhanced the quality and detail of children’s narratives 
but not grammatically based elements of storytelling.

Fast ForWord® (a product of the Scientific Learn-
ing Corporation) is a computerized program designed to 
assist children with specific language impairment or other 
expressive language disorders in developing fundamentals 
of oral language. It offers a variety of programs geared 
toward developing auditory discrimination, vocabulary, 
and phonological skills. One appealing component of 
this program is that it can be implemented both at home 
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and in an educational setting, providing children with 
access to resources outside of school. Additionally, Fast 
ForWord offers a variety of programs geared toward chil-
dren of different skill levels and ages. It targets both oral 
language skills and reading development.

Evaluations of the efficacy of Fast ForWord have 
produced mixed results. Troia and Whitney reported that 
children with poor expressive oral language improved 
significantly on a standardized oral language measure 
after intervention with Fast ForWord in comparison to 
an untreated control group (40). However, there were no 
differences between the experimental and control groups 
on measures of reading and phonological processing skill. 
Additional studies indicate that Fast ForWord produced 
gains for children with auditory temporal processing dif-
ficulties (41, 42). Cohen et al performed a larger random-
ized, controlled trial of the effects of Fast ForWord (43). 
When the Fast ForWord group was compared to two 
control groups, consisting of a group receiving commer-
cially available language-based computer programs and 
a no-treatment group, all groups were found to improve, 
and over time there were no between-group differences. 
Likewise, in another study that compared the effective-
ness of Fast ForWord, Earobics, and LiPS in children 
with reading and language deficits, no effects on lan-
guage or reading performance were found (44). Thus, 
Fast ForWord is neither more nor less effective than other 
commercially available school-based interventions.

In regard to developing phonological skills, Patricia 
and Charles Lindamood’s Auditory Discrimination 
in Depth program has been proven to generate both 
long-term and short-term gains in both phonological 
awareness and articulation skills in children with read-
ing disability and in children with language disabilities 
(20). This structured, multisensory phonics approach 
teaches students core principles of articulation of speech 
sounds and discrimination of speech sounds. Systematic 
phonics instruction methods such as the Auditory Dis-
crimination in Depth program help children to master 
the phonological processing skills required in single-
word decoding more effectively than other unstructured 
methods (45).

Reading Skill Deficits in Pediatric Epilepsy

Literacy is fundamental to academic achievement. Reading 
skill is defined broadly by an amalgam of orthographic, 
phonological, and semantics skills that culminate in fluent 
single-word decoding and reading comprehension (46). 
Hence, children need phonological, orthographic, and 
semantic skills to become fluent, accurate readers (47). 
Failure to master any one of these key components can 
result in a disabled reading profile (46, 47). Understand-
ing the specific nature of reading impairment allows 
for tailored interventions. Despite evidence of reading 

difficulties in pediatric epilepsy patients, few studies have 
examined cognitive correlates of reading disability in epi-
lepsy patients (5, 8, 48). The information we do have 
regarding reading in children with epilepsy comes largely 
from patients with partial epilepsies (5, 8, 48).

Children with CPS experienced more reading prob-
lems, in particular problems with phonological skill and 
slow reading rate, than age-matched normal peers after 
controlling for differences in IQ (49). Children with left-
sided CPS had more difficulty reading and experienced a 
greater degree of delays in phonological decoding, read-
ing comprehension, and word recognition than those with 
right-sided CPS. Phoneme sequencing was particularly 
impaired among the left CPS group in comparison to 
both normal children and those with a right-sided epi-
leptic focus. Children with right-sided CPS demonstrated 
visual-spatial but not language-based difficulties.

Reading deficits have been reported in children with 
temporal lobe epilepsy (TLE) (8). Children with TLE per-
formed less well than those with idiopathic generalized 
epilepsy and those with BECTS on measures of reading 
speed and comprehension. However, these findings were 
affected by seizure-related variables, suggesting a rela-
tionship between illness severity and decreased reading 
skills. In the TLE group, children with left-sided epileptic 
activity (LTLE) demonstrated more reading difficulties 
than those with right-sided foci (RTLE). Phonological 
and semantic problems were prominent in the LTLE 
group compared to the RTLE group, suggesting that 
phonological processing difficulties may be sensitive to 
the lateralization of an epileptic focus.

In a study of French-speaking children with epilepsy, 
children with TLE, frontal lobe epilepsy, and childhood 
absence epilepsy (CAE) had reading deficits compared 
to healthy peers (48). Although children with TLE per-
formed significantly less well than control subjects on 
overall reading ability, they did not demonstrate phono-
logical deficits, as did children with frontal lobe epilepsy. 
Children with CAE showed deficits only in phonemic 
segmentation, implying a milder phonological delay. As a 
group, children with epilepsy did not differ from controls 
on language tasks, suggesting that reading deficits do not 
stem from underlying language problems. Children in the 
epilepsy groups did not differ on seizure frequency, age 
of onset, or duration of illness. No effect was found for 
monotherapy versus polytherapy with antiepileptic medi-
cations. The authors suggest the difficulty that the fron-
tal lobe epilepsy patients had with single-word decoding 
may have resulted from decreased attention or reduced 
executive functioning.

In a study comparing written language skills of 
Greek-speaking children with benign rolandic epilepsy 
to normal peers, children with acute symptoms performed 
worse than controls on reading comprehension, reading 
aloud, and spelling (5). The Greek version of the Bangor 
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Dyslexia Test produced significant differences between 
children with epilepsy and controls.

Reading Interventions—
Important Considerations

The majority of research on intervention in reading dis-
ability, in particular developmental dyslexia, has been 
focused around the idea that dyslexic readers have core 
deficits in phonological processing (21). This phonologi-
cal deficit limits the individual’s ability to manipulate 
speech sounds within words, to learn spelling to sound 
correspondences, and to decode single words accurately 
(50–52). However, phonological deficits can manifest 
themselves in many ways and are not limited to deficits 
in single-word decoding. Dyslexics of all reading levels 
have been shown to perform poorly in comparison to 
same-age normal control subjects on tasks of phoneme 
deletion, position analysis, speech perception, letter nam-
ing, spelling, lexical access, verbal working memory, and 
auditory processing of fast temporal stimuli (53–57). The 
phonological core deficit hypothesis proposes that dyslex-
ics’ reading difficulties are related to specific deficits in 
the representation and use of phonological information 
(21, 55, 58). Whereas reading deficits such as poor com-
prehension may not necessarily be phonologically based, 
the majority of poor readers do demonstrate some degree 
of phonological impairment (47). This being said, a savvy 
advocate for a child with epilepsy will want to investigate 
the variety of phonics-based interventions available.

There are a variety of structured, multisensory 
phonics programs that emphasize teaching students to 
understand grapheme-phoneme correspondences and 
single-word decoding strategies. As mentioned earlier, 
structured, systematic phonics approaches to instruc-
tion are the most effective with poor readers (45). Key 
components of successful systematic phonics interven-
tions involve intensity of teaching and frequency of 
instruction (20). Likewise, early phoneme awareness 
intervention in kindergarten reduces the incidence of read-
ing disability in at-risk children in both short-term and 
long-term follow-up (58). Moreover, the practitioner must 
be qualified to administer the intervention. In most cases, 
teachers must obtain specialized training that results in cer-
tification to be able to provide this instruction (i.e., Orton-
Gillingham, Slingerland, Wilson Reading). In selecting a 
teacher or learning specialist it is important to ascertain 
whether that person is certified in these approaches. Over-
views of some of these methods are provided herein.

Specific Reading Intervention Strategies

Orton-Gillingham is a multisensory phonics intervention 
designed to be delivered on an individualized basis (59). 
This program uses auditory, visual, and kinesthetic 

sensory input to create a total language approach that 
first emphasizes grapheme-phoneme correspondence 
rules (e.g., “A” says /a/ as in apple) and moves on to 
teach phonograms, vowel patterns, and syllable patterns. 
Written instruction, including letter formation, is taught 
along with phonological instruction to reinforce multi-
sensory connections and teach spelling patterns. Reading 
whole words is introduced when the child has mastered 
simple vowel patterns and phonograms. Later, Beth 
Slingerland adapted this approach to be used in a class-
room setting. Hence, the Slingerland method is the class-
room adaptation of Orton-Gillingham and follows the 
same pedagogical principles (60).

Wilson Reading is also a structured, multisensory 
approach to reading designed originally for one-to-one 
instruction and is based on the Orton-Gillingham model (61). 
Originally designed for adolescents and adult poor readers, 
this 12-step, sequential program emphasizes awareness of 
individual speech sounds as well as six syllable types. From 
a teacher’s perspective this system is very accessible because 
it comes with many premade instruction materials and can 
be adapted to work in a small group setting.

As described previously, Auditory Discrimina-
tion in Depth (20) is an effective method of teaching 
phonological awareness to children. Since its inception 
Patricia Lindamood has collaborated with Nancy Bell to 
form what is now called the Lindamood-Bell approach. 
Similar in content to Auditory Discrimination in Depth, 
Lindamood-Bell also incorporates training in ortho-
graphic knowledge and reading fluency (62).

Project Read is a school-based approach to reading 
remediation aimed at delivering phonics instruction to 
children falling in the lower quartile in reading and spell-
ing skills (63). The curriculum, which is used frequently 
in school settings, is composed of the following three 
phases: (1) multisensory phonics instruction using Orton-
Gillingham-like techniques, (2) reading comprehension and 
vocabulary skills, and (3) written language skills (spelling 
and sentence structure). This program is quite cost-effective 
and can be administered in a small-group setting. Another 
strength of the program is that it is designed for any child 
who is a poor reader, not just for dyslexic children. Hence, 
this intervention is quite broadly based and may be more 
suited to “garden variety” poor readers.

SUMMARY AND IMPLICATIONS

Language-based learning disabilities are associated with 
various types of pediatric epilepsy and often occur inde-
pendently of epilepsy-related variables. Given that many 
academic problems such as reading, spelling, and language 
disabilities have specific underlying cognitive mechanisms 
(i.e., phonological deficits in the case of reading impair-
ments), the key to intervention lies in pinpointing the 
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cognitive processing mechanisms interfering with optimal 
learning. Efficacious intervention is best conducted by 
implementing appropriate, valid educational methods. 
Using tools such as a comprehensive neuropsychologic 
evaluation, we are able to identify a particular child’s 
cognitive strengths and weaknesses and to tailor an 
appropriate educational strategy. If one considers learn-
ing disability as a presenting symptom, following it to its 
underlying cause facilitates proper treatment. Although 
no educational interventions are specific for children with 
epilepsy, much can be learned from existing methods of 
remediation for reading and language deficits for children 
with similar learning problems.

Clinical Implications

Although each child is an individual requiring a tailored 
educational approach, in our experience there are funda-
mental areas of concern that affect many children with 
epilepsy. Based on this, we offer the following guidelines 
in choosing an appropriate educational intervention.

First, we recommend a comprehensive, psychoedu-
cational or neuropsychologic testing assessing for learning 
disabilities. Although it is often difficult to ascertain which 
symptoms (i.e., psychomotor slowing) are illness related 
and which indicate learning disorder, simply identifying the 
child’s specific cognitive strengths and weaknesses is essen-
tial to developing an educational plan. This assessment is 
highly specialized and should be conducted by a licensed 
educational psychologist, pediatric neuropsychologist, or 
clinical psychologist with appropriate training.

Second, close communication between parents, stu-
dents, and teachers is essential. Developing open lines of 
communication with the child’s primary instructor is crucial 
to academic success. Knowing that many teachers do not 
have adequate knowledge of epilepsy, we encourage parents 
to provide teachers with this information. Succinct resource 
guides are often quite effective because most busy teachers 
prefer concise sources of information. Teaching children 
good coping skills, such as becoming their own advocates 
how to discuss their illness with peers and adults is also a 
key factor in academic success (64). One way to do this is to 
perform role playing exercises with the child, teaching him 
or her how to explain his or her special needs to an adult.

Third, after specific learning difficulties have been 
identified, parents should work with educational thera-
pists and school psychologists to develop an intervention 

strategy. This should be a collaborative effort between 
caregivers and educators. In discussing this plan with 
educational professionals, it is essential to set measur-
able and appropriate academic goals for the child. These 
goals should be documented and revisited appropriately. 
Due to a lack of evidence, we cannot recommend specific 
educational intervention strategies. However, we encour-
age parents whose children have reading and language 
disabilities to explore the array of available methods. 
Examples of these methods include Lindamood-Bell, 
Wilson, and Orton-Gillingham for reading difficulties 
and Fast ForWord for language problems.

Last, we encourage health care professionals to 
advocate for parents attempting to obtain services from 
their child’s school. Often, parents are unsure of the 
specific steps necessary to qualify their child for special 
education services. By becoming familiar with the steps 
required in the local community, health care professionals 
can guide parents through this process. This process typi-
cally requires submitting to the school district a written 
request for a special education evaluation and following 
a predetermined protocol. Frequently, parents will ask 
their treating physician to document their child’s illness 
and the ways in which it impacts the child’s learning. Pro-
viding supporting documentation with clearly outlined 
requests for specific educational services greatly increases 
the patient’s chances of obtaining an optimal educational 
intervention. It is imperative to request all reasonable 
academic accommodations and assessments to ensure 
that proper resources are allocated to the child.

Depending on circumstances, the process of obtain-
ing special education services for a child can be time 
consuming and frustrating. Parents should be encour-
aged to be both patient and persistent in their pursuit. 
Many school districts are not aware that children with 
epilepsy have both illness-related educational needs and 
specialized learning needs. Therefore, educational admin-
istrators have little knowledge of the sorts of academic 
accommodations that children with epilepsy and associ-
ated learning difficulties require. Educating school pro-
fessionals about the needs of pediatric epilepsy patients 
is essential, as is encouraging continued research regard-
ing educational interventions for children with epilepsy. 
However, what is paramount is supporting our patients in 
the process of securing appropriate educational interven-
tions and helping them to understand that just learning 
differently does not mean that they cannot learn.

References

1. Aldenkamp A, Arends J. The relative influence of epileptic EEG discharges, short noncon-
vulsive seizures and type of epilepsy on cognitive function. Epilepsia 2004; 45(1):54–63.

 2. Austin JK, Huberty TJ, Huster GA, Dunn DW. Does academic achievement in children 
with epilepsy change over time? Dev Med Child Neurol 1999; 41:473–479.

 3. Fastenau P, Shen J, Dunn DW, Perkins SM, et al,. Neuropsychological predictors of aca-
demic underachievement in pediatric epilepsy; moderating roles of demographic, seizure 
and psychosocial variables. Epilepsia 2004; 45(10):1261–1272.

 4. Mitchell WG, Chavez JM, Lee H., Guzman BL. Academic underachievement in children 
with Epilepsy. J Child Neurol 1991; 6:65–72.

 5. Papavasiliou A, Mattheou D, Kotsalis C, Paraskevoulakos E. Written language skills 
in children with benign childhood epilepsy with centrotemporal spikes. Epilepsy Behav
2005; 6:50–58.

 6. Seidenberg M, Beck N, Geisser M, O’Leary DS, et al. Neuropsychological correlates of 
academic achievement of children with epilepsy. J Epilepsy 1988; 1:23–29.



VII • PSYCHOSOCIAL ASPECTS872

 7. Williams J, Phillips T, Griebel ML, Sharp GB, et al. Factors associated with aca-
demic achievement in children with controlled epilepsy. Epilepsy Behav 2001; 
2:217–223.

 8. ChaixY, Laguitton V, Lauwers-Cances V, Daquin G, et al. Reading abilities and cognitive 
functions of children with epilepsy: influence of epileptic syndrome. Brain Dev. in press.

 9. Caplan R, Guthrie D, Komo S, Shields WD, et al. Conversational repair in pediatric 
epilepsy. Brain Lang 2001; 78(1):82–93.

10. Caplan R, Gutherie D, Komo S, Siddarth P, et al. Social communication in children with 
epilepsy. J Psychol Psychiatry 2002; 43(2):245–253.

11. Caplan R, Siddarth P, Gurbani S, Ott D, et al. Psychopathology and pediatric com-
plex partial seizures: seizure-related, cognitive and linguistic variables. Epilepsia 2004;
45(10):1273–1281.

12. Sillanpaa M. Learning disability: occurrence and long-term consequences in childhood-
onset epilepsy. Epilepsy Behav 2004; 5:937–944.

13. Wirrell EC, Camfield CS, Camfield PR, Dooley JM, et al. Long-term psychosocial outcome 
in typical absence epilepsy. Sometimes a wolf in sheeps’ clothing. Arch Pediatr Adolesc 
Med 1997; 151(2):152–158.

14. Bishop M, Boag EM. Teachers’ knowledge about epilepsy and attidues toward students 
with epilepsy: results of a national survey. Epilepsy Behav 2006; 8(2):397–405.

15. Berg AT, Smith SN, Frobish D, Levy SR, et al. Special educational needs of children with 
newly diagnosed epilepsy. Dev Med Child Neurol 2005; 47(11):749–753.

16. Oostrom KJ, van Teeseling H, Smeets-Schouten A, Peters AC, et al; Dutch Study of 
Epilepsy in Childhood (DuSECh). Three to four years after diagnosis: cognition and 
behaviour in children with “epilepsy only.” A prospective, controlled study. Brain 2005; 
128 Pt 7:1546–1555.

17. Schouten A, Oostrom KJ, Pestman WR, Peters AC, et al; Dutch Study Group of Epilepsy 
in Childhood. Learning and memory of school children with epilepsy: a prospective 
controlled longitudinal study. Dev Med Child Neurol 2002; 44(12):803–811.

18. Bauman RJ, Wilson JF, Wiese HJ. Kentuckians’ attitudes toward children with epilepsy. 
Epilepsia 1995; 36(10):1003–1008.

19. Humphries T, Neufeld M, Johnson C, Engels K, et al. A pilot study of the effect of 
Direct Instruction programming on the academic performance of students with intractable 
epilepsy. Epilepsy Behav 2005; 6(3):405–412.

20. Torgeson JK. Instructional interventions for children with reading disabilities. In: Shapiro 
BK, Accardo PJ, Capute AJ, eds. Specific Reading Disability. Timonium, MD: York Press, 
1998:197–220.

21. Lyon GR. Toward a definition of dyslexia. Ann Dyslexia 1995; 45(3):3–27.
22. Olson RK, Wise B, Ring J, Johnson M. (Computer based remedial training in phoneme 

awareness and phonological decoding. Effects on the post-training development of word 
recognition. Scientific Studies of Reading 1997; 1(13):235–253.

23. Snowling M. Dyslexia. Oxford: Basil Blackwell, 2000.
24. Dunn DW, Austin JK, Harezlak J, Ambrosius WT. ADHD and epilepsy in childhood. 

Dev Med Child Neurol 2003; 45(1):50–54.
25. Siddarth P, Gurbani S, Lanphier E, Bailey C, et al. Language deficits in pediatric epilepsy. 

Annual Meeting of the International League Against Epilepsy, Singapore, July 2007.
26. Parkinson GM. High incidence of language disorder in children with focal epilepsies. 

Dev Med Child Neurol 2002; 44(8):533–537.
47. Antonello JL. Epilepsy and reading in children. Dissertation Abstracts International 1999; 

60(3,a), 644.
27. Schoenfeld J, Seidenberg M, Woodard A, Hecox K, et al. Neuropsychological and behav-

ioral status of children with complex partial seizures. Dev Med Child Neurol 1999; 
41:724–731.

28. Kolk A, Beilmann A, Tomberg T, Napa A, et al. Neurocognitive development of children 
with congenital unilateral brain lesion and epilepsy. Brain Dev, 2001; 23:88–96.

29. Caplan R, Siddarth P, Bailey CE, Lanphier EK, et al. Thought disorder : a developmental 
disability in pediatric epilepsy. Epilepsy Behav 2006; 8(4):726–735.

30. Smith ML, Elliot IM, Lach L. Cognitive skills in children with intractable epilepsy: 
comparison of surgical and non-surgical candidates. Epilepsia 2002; 43(6):631–637.

31. Deonna T. Rolandic epilepsy: neuropsychology of the active epilepsy phase. Epileptic 
Disord 2000; 2(1):S59–S61.

32. Monjauze C, Tuller L, Hommet C, Barthez MA, et al. Language in benign childhood 
epilepsy with centro-temporal spikes abbreviated form: rolandic epilepsy and language. 
Brain Lang 2005; 92(3):300–308.

33. Vinayan KP, Biji V, Thomas SV. Educational problems with underlying neuropsychological 
impairment are common in children with benign epilepsy of childhood with centotemporal 
spikes (BECTS). Seizure 2005; 14(3):207–212.

34. Henkin Y, Kishon-Rabin L, Pratt H, Kivity S, et al. Linguistic processing in idiopathic 
generalized epilepsy; an auditory event-related potential study. Epilepsia 2003; 44(9):
1207–1217.

35. Pavone P, Bianchini R, Trifiletti RR, Incorpora G, et al. Neuropsychological assessment 
in children with absence epilepsy. Neurology 2001; 56(8):1047–1051.

36. Caplan R, Sagun J, Siddarth P, Gurbani S, et al. Social comptenece in pediatric epilepsy: 
insights into underlying mechanisms. Epilepsy Behav 2005; 6(2):218–228.

37. Wallach GP. A conceptual framework in language learning disabilities, school aged lan-
guage disorders. Topics in Language Disorders 2005; 25(4):292–301.

38. Fey ME, Long SH, Finestack LH. Ten principles of grammar facilitation for children with 
specific language impairments. Am J Speech Lang Pathol 2003; 12(1):3–15.

39. Swanson LA, Fey ME, Mills CE, Hood LS. Use of narrative-based language intervention 
with children who have specific language impairment. Am J Speech Lang Pathol 2005; 
14(2):131–143.

40. Troia GA, Whittney SD. A close look at the efficacy of Fast ForWord language for 
children with academic weaknesses. Contemporary Educational Psychology 2003; 
28(4):465–494.

41. Gillam RB. Treatment for temporal processing deficits: computer-assisted language inter-
vention using Fast ForWord: theoretical and empirical considerations for clinical decision 
making. Language, Speech and Hearing Services in Schools 1999; 30(4):363–370.

42. Gillam RB, Crofford JA, Gale MA. Language change following computer-assisted instruc-
tion with Fast ForWord or Laureate Learning Systems Software. Am J Speech Lang Pathol
2001; 10(3):258–268.

43. Cohen W, Hodson A, O’Hare A, Boyle J, et al. Effects of computer-based intervention 
through acoustically modified speech (Fast ForWord) in severe mixed receptive-expressive 
language impairment: outcomes from a randomized controlled trial. Journal of Speech, 
Language and Hearing Research 2005; 48(3):715–729.

44. Pokorni JL, Worthington CK, Jamison PJ. Phonological awareness intervention: com-
parison of Fast ForWord, Earobics, and LiPS. The Journal of Education Research 2004; 
97(3):147–157.

45. Ehri LC, Nunes SR, Stahl SA. Systematic phinics instruction helps students learn to 
read: evidence from the National Reading Panel’s meta-analysis. Review of Educational 
Research 2001; 71(3):393–447.

46. Harm MW, Seidenberg MS. Phonology, reading and dyslexia. Insights from connectionist 
models. Psychol Rev 1999; 106 (3):491–528.

47. Adams MJ. Beginning to read: thinking and learning about print. Cambridge, MA: MIT 
Press, 1994.

48. Vanasse CM, Beland R, Carmant L, Lassonde M. Impact of childhood epilepsy on reading 
and phonological processing abilities. Epilepsy Behav 2005; 7(2):288–296.

49. Antonello JL. Epilepsy and reading in children. Dissertation Abstracts International 1999; 
60(3,a):644.

50. Liberman IY, Shankweiler D. Phonology and the problems of learning to read and write. 
Remed Spec Educ 1985; 6(6):8–17.

51. Stanovich KE. Explaining differences between the dyslexic and the garden-variety poor reader: 
the phonological-core variable-difference model. J Learn Disabil 1988; 21:590–612.

52. Manis FR, Seidenberg MS, Doi LM, McBride-Chang C, et al. On the basis of two subtypes 
of developmental dyslexia. Cognition 1996; 58:157–195.

53. Castles A, Coltheart M. Varieties of developmental dyslexia. Cognition 1993; 47:
149–180.

54. Wagner RK, Torgesen JK. The nature of phonological processing and its causal role in 
the acquisition of reading skills. Psychol Bull 1987; 101:192–212.

55. Vellutino F. Dyslexia. In: Wang William, S-Y, ed. The emergence of language: development 
and evolution: readings from “Scientific American” magazine. NewYork: H.W. Freeman, 
Times Book, Henry Holt & Co., 1991.

56. Joanisse MF, Manis FR, Seidenberg MS, Keating P. Language deficits in dyslexic children: 
Speech perception, phonology, and morphology. J Exp Child Psychol 2000; 77(1):30–60.

57. Bruck M. Persistence of dyslexics’ phonological awareness deficits. Dev Psychol 1992; 
28(5):874–886.

58. Elbro C, Petersen DK. Long-term effects of phoneme awareness and letter sound training: 
an intervention study with children at risk for dyslexia. Journal of Educational Psychology
2004; 96(4):660–670.

59. McNelis AM, Johnson CS, Huberty TJ, Austin JK. Factors associated with academic 
achievement in children with recent-onset seizures. Seizure 2005; 14(5):331-339.

60. Slingerland BH. Book 1, A Multi-Sensory Approach to Language Arts for Specific Lan-
guage Disability Children: A Guide for Primary Teachers. Cambridge, MA: Educators 
Publishing Service, 1996.

61. Gillingham A, Stillman BW. The Gillingham Manual: Remedial Training for Students with 
Specific Disability in Reading, Spelling and Penmanship, 8th ed. Boston, MA: Educators 
Publishing Service, 1997.

62. Wilson B. Matching student needs to instruction in learning disabilities, literacy and 
adult education. In: Reder S, Vogel SA, eds. Learning Disabilities, Literacy, and Adult 
Education. Baltimore, MD: Brookes Publishing, 1998.

63. Calfee R, Wadleigh C. How Project Read builds inquiring schools. Educational Leader-
ship, 1992; (50):28–32.

64. Eden, GF, Jones KM, Cappell K, Gareau L, et al. Neural changes following remediation 
in adult developmental dyslexia. Neuron 2004; 44(3):411–22.



873

Cognitive Side Effects of 
Antiepileptic Drugs

ognitive side effects have emerged 
as a key consideration when an 
antiepileptic drug (AED) is being 
selected for the treatment of child-

hood seizure disorders. In years past, despite concerns 
about side effects, when the choice of antiepileptic medi-
cation was limited to phenobarbital and phenytoin, their 
adverse effects were accepted as a “necessary evil.” After 
the Perinatal Collaborative Project demonstrated the 
generally benign course of recurrent febrile seizures (1), 
thinking shifted to the view that it might be best to avoid 
phenobarbital in the treatment of febrile seizures because 
it appeared that “the cure was worse than the disease” 
given concerns about adverse cognitive and behavioral 
effects of phenobarbital. In the early 1970s the emergence 
of carbamazepine as an alternative to phenytoin for par-
tial seizures generated interest in the cognitive side effects 
of medications and stimulated debates as to whether car-
bamazepine had a side effect profile that was preferable 
to those of phenytoin and phenobarbital. Since then there 
has been a remarkable increase in options for the pharma-
cological management of seizures. As treatment options 
have increased there has been a commensurate increase 
in the interest in the side effect profiles of these drugs. 
For the most part, phase III trials reveal that there is little,
if any, difference in efficacy among the different drugs. 
Thus, although the choice of an AED is driven, in part, 

David E. Mandelbaum
Christine L. Trask

by seizure type or epilepsy syndrome, in the final analysis 
the selection of an AED for a particular patient is heavily 
influenced by the side effect profile.

When drugs are brought to market, relatively little is 
known about their cognitive and behavioral side effects. 
Unfortunately, formal psychometric testing has not rou-
tinely been included in the studies done as part of the 
Food and Drug Administration (FDA) approval process. 
As a result, the information available regarding cogni-
tive and behavioral side effects is limited and incomplete. 
Although some phase II and III trials have included quality 
of life assessments, these are not a substitute for objective, 
standardized, and quantifiable psychometric measures of 
the impact of these medications on cognition.

The epilepsy itself is an important confounding fac-
tor in assessing the cognitive effects of AEDs. Epilepsy 
can be associated with cognitive problems by virtue of 
the intrinsic neuropathology underlying both the men-
tal impairment and the epilepsy. Cognition can also be 
affected by the seizures themselves, interictal electro-
encephalographic (EEG) activity, psychosocial prob-
lems, familial factors, and, of course, the effects of the 
AEDs (2).When AEDs suppress epileptiform discharges 
and decrease seizure frequency, they can improve cogni-
tive function (3). However, the mechanisms by which 
AEDs suppress seizures may also affect normal neuronal 
mechanisms such as ion channel permeability, receptors, 

C
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neurotransmitter kinetics, and second messengers and 
interfere with cognitive function. The mechanisms of 
action of the various anticonvulsant drugs are reviewed 
in Chapter 30 of this textbook.

Many of the studies assessing the cognitive side 
effects of AEDs in adults and children suffer from major 
methodological flaws, limiting the information that can 
be gleaned. Before reviewing these studies, it is advisable 
to review these methodological issues.

The first issue in the study of AEDs relates to who 
is being studied. Studies vary by patient selection criteria, 
including type of seizures, age of subjects, and duration 
of exposure to medication. In examining the influence 
of AEDs on cognition in patients with epilepsy, many 
studies include patients with any type of epilepsy. This 
can be problematic because, compared to patients with 
idiopathic epilepsy, patients with symptomatic epilepsy 
are more likely to have associated or underlying neuro-
logical disorders that directly impair neurological func-
tion, including cognition, attention, mood, and behavior 
(4). People with symptomatic epilepsy may also be more 
sensitive to the neurological adverse effects of AEDs.

Even within the category of idiopathic epilepsy, dif-
ferent seizure types are associated with varying cognitive 
impairments. For example, in a study of 43 children with 
new-onset idiopathic seizures, Mandelbaum and Burack 
(5) found that cognitive functioning was worse in children 
with generalized versus partial seizures, and nonconvul-
sive versus convulsive seizures, a difference that also may 
have an impact on adverse responses to AEDs.

Another methodological issue in studying the effect 
of AEDs on cognition is the composition of control 
groups. Studies may use either an “active” control (e.g., 
people receiving another medication, or with another 
medical disorder) or a “healthy” control. In some stud-
ies AEDs have been administered to normal adult volun-
teers. Although these studies have the virtue of isolating 
the effects of the AEDs from the effects of epilepsy or 
other medications, they have disadvantages as well. Most 
of them are limited to a short-term period of observa-
tion. None of them could detect a beneficial interaction 
between the AED and the epileptic brain. Furthermore, 
there are important differences between the mature, adult 
brain and the developing child’s brain, which limit the 
applicability of studies in normal adult volunteers to 
children.

The use of a medical control group has the potential 
advantage of controlling for the socioemotional effects of 
dealing with a health condition. These types of control 
subjects may include children with other neurological 
or systemic illnesses. For example, in a study comparing 
children with newly diagnosed diabetes to children with 
newly diagnosed seizures before and 6 months after ini-
tiation of treatment, Williams and colleagues (6) found 
no differences over time between the groups on measures 

of cognitive or behavioral functioning. In contrast, Seidel 
et al (7) found that in a repeated-measures design, 14 children 
with untreated migraine headaches exhibited higher ver-
bal memory scores in comparison to 10 children with 
benign rolandic epilepsy treated with carbamazepine. In 
a study by Bourgeois and others (4), the IQ score of the 
sibling controls of children with symptomatic epilepsy 
was much lower than the IQ score of the sibling con-
trols of children with idiopathic epilepsy, illustrating the 
importance of socioeconomically (and, perhaps, geneti-
cally) matched controls.

Controlling for practice effects is important when 
studies follow children over time, with testing done before 
and after treatment. For this reason a separate control 
group is of considerable importance to interpreting the 
significance of changes in scores over time. Normal indi-
viduals who undergo repeated cognitive assessment as 
long as 4 years apart, much longer than is traditionally 
associated with a test-retest effect, show notable increases 
in test scores during repeated administrations (8). This 
raises the possibility that a lack of practice effect, that 
is, stable scores over time, indicates an adverse effect on 
learning.

Comparison of different studies is thwarted by sig-
nificant variability in the measures used by individual 
researchers. Cochrane and colleagues (9) reviewed 40 
randomized, controlled trials and noted a lack of uni-
form approach to neuropsychological assessment with 
approximately 87 different measures being used. The 
most commonly identified measures were the Stroop 
Color Word and Finger Tapping Test. Nevertheless, these 
tests were not used or reported uniformly, a lack of con-
sistency that creates significant obstacles for integrating 
information across different studies. Furthermore, the 
decision of what is and is not included in the test battery 
can significantly affect the results. A drug may “look 
good” or “look bad” depending on the type of testing 
that was done. For example, in some of the early testing 
with carbamazepine it was demonstrated that carbamaze-
pine enhanced sitting behavior, yet other studies showed 
adverse effects on motor tasks.

When reporting test results, it is essential that the 
nature of the data being used (e.g., raw scores, standard-
ized scores based on manual-provided information, or 
specific reference to independent normative samples) 
be identified. Table 69-1 represents a battery of well-
developed and widely available measures. This battery 
is proposed as a more uniform approach to studies of the 
cognitive effects of AEDs. In this battery the Stroop color 
word phenomenon is assessed as part of the Delis-Kaplan 
Executive Function System (D-KEFS), Color Word (10). 
Completion of comprehensive neuropsychological test-
ing has practical limitations and choices must be made 
about which tests to administer. For example, the test 
battery listed in Table 69-1 would take 5 to 6 hours to 
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administer and another 1 or 2 hours to score. The cost 
of doing such studies becomes immediately apparent, not 
to mention the challenge of assuring compliance with 
serial measures.

Research investigating the cognitive effects of AEDs 
must control for other potentially confounding variables, 
including parental intellectual level, family dynamics (e.g., 
level of disorganization, level of negative affect), and other 
stressors, including financial limitations. Socioeconomic 
status is one of the strongest predictors of intelligence 
in children with epilepsy (27). Oostrom and colleagues 
(28) found that cognitive and behavioral outcomes in 
42 children with idiopathic or cryptogenic, newly diag-
nosed epilepsy followed over 3.5 years were related to 
the child’s prediagnostic learning history, as well as to 
the parents’ ability to cope effectively with their child’s 
epilepsy. Children from disorganized and unsupportive 
homes were also more likely to have a poorer academic 
outcome (29, 30).

As a result of selection bias when subjects are cho-
sen, results from studies of AEDs on cognition may not 
be generalizable to the population at large. For example, 
the majority of research in pediatric epilepsy has been 
conducted at epilepsy centers, where patients are more 
likely to have associated handicaps and severe forms of 
epilepsy (31). 

There are differences of opinion on how the data on 
cognitive aspects of AEDs should be collected. A major 
research design question is whether to use cross-sectional 
versus prospective approaches. Cross-sectional studies 
are useful in that they help identify variables that show 
relationships with the identified area of interest by pro-
viding a snapshot of that relationship. Prospective, ran-
domized studies are essential to establish the causal aspect 
of a relationship. Ideally, an initial neuropsychological 
assessment should be completed when epilepsy is diag-
nosed and before initiation of medication, with serial 
measures after treatment is initiated.

Other factors can also influence cognition among chil-
dren with epilepsy. Subclinical or subtle seizures can affect test 
results. Thus, it is optimal to have EEG monitoring done at 
the time of testing, or at least in close proximity to the time 
of testing. The effect of AEDs on test performance may be 
influenced by drug concentrations (32), including whether 
testing is done at the time of peak or trough levels. Whereas 
drug concentrations fluctuate throughout the day, testing at a 
consistent time of day can minimize the confounding influence 
of this variable.

Finally, in any study comparing two groups, the null 
hypothesis—that is, that there is no difference between 
the two groups (treatment vs. placebo, drug A vs. drug 
B)—has to be disproved to a degree of statistical prob-
ability. Usually a two-tailed test with the P value set to 
�0.05 is used when a single outcome is being evaluated. 
A poorly designed or executed study or a study with 

TABLE 69-1
Proposed Psychometric Battery

Intellect

WISC-IV (11): Block Design, Matrix Reasoning, 
 Similarities, Vocabulary

Attention

WISC-IV � Integrated (12): Digit Span, Letter-
 Number Sequencing, Spatial Span, Cancellation
Continuous Performance Test, such as the 
 CPT-II (13)
Simple and complex reaction time

Executive

D-KEFS (10): Number-letter switching, Category 
 switching, Color Word Inhibition, Tower
WCST (14)
WISC-IV (11): Processing speed—Coding, Symbol 
 Search

Language

WISC-IV (11): Vocabulary
PPVT-III (15)
EOWPVT-R (16)
D-KEFS (13): Letter fluency, category fluency

Visual-spatial

WISC-IV (11): Block Design
VMI, Beery VMI Developmental Test of Visual 
 Perception (17)
Rey Complex Figure–Copy trial (18)
NEPSY: Arrows (19)

Memory

WRAML2—immediate, delayed, and recognition (20)
Rey Complex Figure (18)

Sensory-Motor

Grooved pegboard (21)
Finger tapping (22)
Grip strength (22)
Sensory exam

Academic

WJ-III (23)
TOWL-3 (24)

Socioemotional/behavioral

Parent report: BASC (25)
Child report: Beck Youth Inventories–II (26)
BASC (25)
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inadequate power (as with a sample size that is too small) 
can fail to detect important differences. Many studies 
on this topic are single-center studies that have a small 
sample size that may miss important differences between 
study conditions. Likewise, when many outcomes are 
considered simultaneously, such as multiple subtest scores 
in a psychometric test battery, the probability value used 
to reject the null hypothesis must be made more stringent. 
If the P value is set at 0.05 and 20 dependent variables 
are evaluated, one or more dependent variables is likely 
to attain a level of significant difference by chance alone. 
Setting the P value at 0.01 or 0.001 is required to avoid 
this pitfall in data analysis.

The limitations of the literature notwithstanding 
(Table 69-2), representative studies that have looked at 
the question of cognitive effects of AEDs will now be 
reviewed. The reader is also directed to a supplement of 
the Journal of Child Neurology that was devoted to this 
topic (33).

PHENOBARBITAL

Because phenobarbital is the drug that has been used 
longest to treat epilepsy, there is a fairly extensive body 
of literature regarding its adverse effects. Phenobarbital is 
widely considered to have substantial adverse side effects, 
particularly as it relates to cognition. However, in a com-
prehensive review of the literature on phenobarbital, Pal 
stated, “The overall design quality and statistical meth-
odology of clinical trials in this area is poor, especially for 
those trials conducted in the 1970’s and 1980’s” (34). Pal 
reported that blinded studies of childhood epilepsy did 
not show significant differences of behavioral or cognitive 
side effects when phenobarbital was compared to other 
AEDs, in contrast to studies in which the investigators 
were unblinded, hence subject to observer bias. In his 
review of the literature, there was one double-blinded, 

randomized, placebo-controlled study of phenobarbital 
for febrile seizures that showed an adverse effect of phe-
nobarbital on IQ after 2 years of treatment that persisted 
for 6 months after discontinuation of therapy (35). How-
ever, this study had several confounding features includ-
ing the following: Among 638 children eligible to enroll 
421 declined, mostly because of parental reluctance to 
have the child take phenobarbital. The lowest-IQ group 
showed the greatest decrease in IQ compared to placebo, 
and it was the low-IQ phenobarbital group that had the 
greatest number of dropouts, with only 11 of 24 available 
for testing at 2 years and 13 of 24 at 2.5 years. Further-
more, although the analysis was done on the basis of 
intention to treat, because of breakthrough seizures and 
side effects, many participants did not complete the study. 
For example, approximately 25% of children assigned 
to placebo were taking phenobarbital by the end of the 
study, and only about half of the children assigned to 
phenobarbital were still taking phenobarbital at the end 
of the study. It is impossible to know how these fac-
tors impacted on the outcomes reported, but statistical 
assumptions had to be made to analyze the results.

Concerns have been raised about behavioral prob-
lems from phenobarbital (36). But, as pointed out by 
Pal, these data represent parental report in an unblinded, 
nonrandomized, uncontrolled study. A study comparing 
the efficacy of phenobarbital, valproate, and intermit-
tent rectal diazepam, in which subjects were randomly 
assigned to treatment group, found that the parents of 
8 of 41 children taking phenobarbital discontinued it 
because of side effects. In contrast, only 3 of 50 parents 
discontinued valproate (37).

In an effort to use surrogate neurophysiological data 
to assess the effect of phenobarbital on central nervous 
system (CNS) function, Chen et al (38) noted a prolon-
gation of P-300 latencies in auditory evoked potentials 
in children treated with phenobarbital and not in those 
treated with carbamazepine or valproate monotherapy.

TABLE 69-2
Methodological Issues

SUBJECT SELECTION CONTROL GROUPS ENVIRONMENTAL FACTORS OUTCOME VARIABLES ANALYSES

Idiopathic vs.  “Active control” e.g., SES/Parental functioning Different measures Sample size
 symptomatic  headaches, diabetes   in different studies

Focal vs. Siblings Investigator and Subjective vs.  Cross-sectional vs.
 generalized   parental bias  objective measures  longitudinal studies

Healthy adults “Internal controls” Peak vs. trough levels  
  (practice effect)   

SES 	 socioeconomic status
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PHENYTOIN

Aman and colleagues in 1994 (39) investigated the cog-
nitive impact of phenytoin by assessing children at both 
trough and peak levels and found no effect on cognitive 
performance, although the drug concentrations stud-
ied were rather low. A study of phenytoin compared to 
placebo in healthy adults found impaired memory, con-
centration, and mental and motor speed while taking 
phenytoin (40). An open-label study of cognitive function 
in children with epilepsy treated with either phenytoin, 
carbamazepine, or valproate monotherapy found that the 
phenytoin group did worse than the valproate group on 
a single measure of processing speed after 1 month, but 
not after 6 or 12 months of treatment (41).

CARBAMAZEPINE

Carbamazepine, approved for epilepsy in 1974, provided 
the first major alternative to phenobarbital and phenytoin 
for localization-related epilepsies. Studies of the cognitive 
impact of carbamazepine have shown both beneficial and 
adverse effects on cognition. Aman and colleagues (42) 
studied 50 children on carbamazepine monotherapy at 
trough and peak concentrations and found that the chil-
dren performed significantly better at peak carbamaze-
pine concentrations on measures of activity, attention 
span, motor steadiness, and task-specific response times. 
In a study by Forsythe and colleagues (41), 64 children 
with newly diagnosed epilepsy were randomly assigned to 
carbamazepine, phenytoin, or valproate. Cognitive test-
ing was done before initiation of treatment and three 
times over the first year of treatment. The authors con-
cluded that carbamazepine in moderate doses adversely 
effected memory, whereas valproate and phenytoin did 
not. A study by Stores and colleagues (43) compared 
63 newly diagnosed children randomly assigned to either 
carbamazepine or valproate with 47 matched controls. 
Cognitive testing done before initiation of treatment and 
at intervals over 1 year revealed modest effects of both 
carbamazepine and valproate on cognitive abilities. There 
were no effects on behavioral measures, and there was no 
difference between carbamazepine and valproate. A study 
by Berg and colleagues (44) evaluated 64 children newly 
diagnosed with epilepsy who were randomly assigned 
to carbamazepine, phenytoin, or valproate. Behavioral 
measures were done before medication and after 1 and 
6 months of treatment. The authors found that carbam-
azepine and valproate were associated with minor behav-
ioral difficulties after 1 month, but these problems were 
not present at 6 months. In another study of children 
with both generalized and focal epilepsy, carbamazepine 
resulted in impaired reaction time variability that per-
sisted over 12 months of treatment (45). In this group of 

patients there were attention problems at baseline, before 
medication was started. In most measures of cognitive 
functioning there were no adverse effects after initiating 
treatment with anticonvulsants.

VALPROIC ACID

Valproic acid, approved in the United States 4 years after 
carbamazepine, is useful in localization-related, general-
ized, convulsive, and nonconvulsive epilepsies. A study of 
children randomly assigned to valproic acid, carbamaze-
pine, or phenytoin showed valproate to have fewer nega-
tive effects than carbamazepine or phenytoin (41). One 
study of children with newly diagnosed epilepsy found 
that scores on 4 tests of a total of 30 administered over a 
12-month period were significantly worse in the children 
treated with valproate than in controls; a similar result 
was found for the carbamazepine group (43). However, 
it is worth noting that valproate has been used success-
fully to treat children with explosive temper and mood 
lability (46).

NEWER DRUGS

There is less information about the newer AEDs intro-
duced since 1992. Among these drugs, topiramate appears 
to have more adverse cognitive effects than lamotrigine, 
oxcarbazepine, and levetiracetam. (47)

Lamotrigine

Among the newer AEDs, one of the better studied drugs 
is lamotrigine. Lamotrigine administered to normal adult 
volunteers caused no adverse effect on cognitive function 
compared to controls (48, 49); nor did lamotrigine result 
in any adverse effects in adults with epilepsy (50, 51). 
A study by Meador et al (52) comparing treatment with 
lamotrigine and carbamazepine in a double-blinded, ran-
domized, crossover design demonstrated lamotrigine to 
have a side effect profile preferable to that of carbamaze-
pine. Studies in children have suggested positive effects 
such as behavioral improvement and increased alertness, 
even in the absence of seizure reduction (53, 54).

Gabapentin

Gabapentin has been associated with behavioral problems 
in children. In a double-blind, placebo-controlled, add-
on study among children with refractory partial-onset 
seizures, gabapentin was associated with an increased 
incidence of somnolence, hostility, emotional lability, and 
hyperkinesias compared to placebo (55). Other reports 
indicate that children with mental retardation are at 
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greater risk than children with normal IQ for develop-
ing aggressive behavior while taking gabapentin (56). 
Studies in adult volunteers have shown no adverse effect 
of gabapentin at doses of 2,400 mg/day (57, 58). In the 
study by Meador et al, of 31 variables assessed there 
were 6 in which the subjects taking no drug did better 
than they did while taking gabapentin, as opposed to 
15 variables in which the no-drug group did better than 
those taking carbamazepine. On 8 variables performance 
while taking gabapentin was superior to that while tak-
ing carbamazepine. Carbamazepine was not superior to 
gabapentin on any variables in this study. Note, however, 
that although this was a blinded study and the subjects 
were studied while not taking and while taking the two 
drugs, there was no placebo group.

Tiagabine

Tiagabine, which acts by increasing the effect of gamma-
aminobutyric acid (a mechanism shared by barbiturates), 
variably causes disturbances in mood and behavior. In 
placebo-controlled studies, tiagabine, as either mono-
therapy or add-on in 162 subjects with epilepsy, was 
reported to cause no adverse cognitive effects (59). 
However, an open-label study of tiagabine as adjunc-
tive therapy in children with refractory, complex partial 
seizures reported complaints of somnolence, headache, 
dizziness, and nervousness. These complaints diminished 
over time and were less frequent when the drug was used 
as monotherapy (60).

Vigabatrin

In an open label, randomized study comparing vigabatrin 
and carbamazepine monotherapy in adults with newly 
diagnosed epilepsy, there were no adverse effects of viga-
batrin on cognitive functions, thus demonstrating a better 
adverse effect profile than carbamazepine (61). A similar, 
open label, randomized trial comparing vigabatrin to car-
bamazepine in children found that 6 of 38 children taking 
vigabatrin were described as having excessive irritability 
and excitability, whereas 6 of 32 children taking carbam-
azepine were excessively sedated (62). Vigabatrin, which is 
not FDA approved for sale in the United States, is largely 
limited to treatment of children with infantile spasms, par-
ticularly those with tuberous sclerosis. Little data are avail-
able on cognitive effects in this severely involved group of 
patients. Although vigabatrin has been shown to have sig-
nificant neurotoxic effect in animal models, consisting of 
intramyelinic edema with microvacuoles in the optic tracts, 
cerebellum, hippocampus, and columns of the fornix in 
rodents and dogs (63), no effects on white matter have been 
found on magnetic resonance imaging (MRI) studies of 
humans who took vigabatrin. However, vigabatrin causes 
irreversible visual field constriction in what appears to be 

an at least partially dose- or duration-dependent fashion. 
Of note, in most cases these visual field defects were not 
overtly symptomatic (64).

Topiramate

Topiramate has been linked to difficulties with word 
finding and coding on psychometric tests. Meador and 
colleagues (65) compared the cognitive effects of topira-
mate to those of valproate or carbamazepine in adults 
with partial epilepsy. On the symbol-digit modalities test, 
20% of the patients taking topiramate had a worsening 
in their performance of greater than 1 standard deviation, 
as opposed to none of the patients taking valproate. On 
a controlled word-association task, about 25% of the 
topiramate group performed more than 1 standard devia-
tion below their baseline scores compared with about 
10% in the valproate group. A double-blind, random-
ized, placebo-controlled study of topiramate as add-on 
therapy for children with intractable partial seizures 
noted increased incidences of emotional lability, fatigue, 
attention and concentration problems, and forgetfulness, 
compared to placebo; and this was despite improved sei-
zure control (66). In another study of 42 patients with 
juvenile myoclonic epilepsy treated with valproate (62%) 
or topiramate (38%) monotherapy, among 27 items in the 
psychometric battery, the topiramate group performed 
significantly worse in 3. Two of the three were measures 
of memory, attention, and speed processing, and one a 
measure of verbal fluency (67).

Oxcarbazepine

In general, oxcarbazepine has not been linked to adverse 
cognitive effects. A study of the cognitive effects of oxcar-
bazepine, carbamazepine, and valproic acid in adults with 
newly diagnosed epilepsy showed no deterioration of cog-
nitive function in patients in any of the treatment groups. 
In fact, there was improvement in learning and memory 
tests in the oxcarbazepine and carbamazepine groups, but 
not the valproate group. The patients who were treated 
with valproate showed improvement in attention and 
psychomotor speed (68). In studies on healthy volun-
teers, oxcarbazepine improved attention and writing 
speed and had no effect on long-term memory (69). One 
add-on study of oxcarbazepine in children with intrac-
table epilepsy reported a 35% incidence of somnolence 
in children taking oxcarbazepine compared to a 14% 
incidence of somnolence in the placebo group (70).

Levetiracetam

Levetiracetam, although chemically related to pirace-
tam, a drug with cognitive enhancing effects including 
improvement in learning and memory, has not been 
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shown to have the same nootropic effect (71). A review 
of the adult literature comparing the behavioral effects 
of levetiracetam in adults with epilepsy versus adults 
with cognitive or anxiety disorders showed a greater 
incidence of depression, nervousness, hostility, anxiety, 
and emotional lability in epileptic patients treated with 
levetiracetam compared to placebo (72). A study of the 
cognitive and neurophysiologic measures in healthy vol-
unteers treated with carbamazepine, oxcarbazepine, and 
levetriracetam found motor slowing in the volunteers 
treated with carbamazepine and oxcarbazepine, but not 
levetiracetam. Attention span increased from baseline 
levels with all three drugs. Carbamazepine and oxcar-
bazepine induced changes in some components of the 
visual evoked potential responses, whereas levetiracetam 
did not. Similarly, oxcarbazepine and carbamazepine, 
but not levetiracetam, resulted in slowing of the EEG 
(73). An open-label, retrospective study of levetiracetam 
as add-on therapy in children with intractable seizures 
found that among 41 of 59 children still taking leve-
tiracetam at 12 months, 28% had adverse behavioral 
effects and 24% were lethargic in a non-dose-dependent 
fashion (74).

Zonisamide

Zonisamide, approved in the United States in 2000, was 
not studied in children before its release. Clinical expe-
rience, particularly in Japan, indicates that it is effec-
tive in a wide range of seizure types in children and 
adults (75). An open-label study of cognitive function-
ing in adults treated with zonisamide as add-on therapy 
showed effects on the acquisition and consolidation of 
new information with no effect on previously learned 
material or psychomotor performance. Verbal learning 
was affected, whereas visual-perceptual learning was 
not. There was a correlation between the impairment of 
cognitive function and the plasma concentration. There 
was also evidence of the development of tolerance to the 
adverse effects over time (76). In a retrospective review 
of their experience with children with intractable epilepsy 
treated with zonisamide as add-on therapy, Mandelbaum 
and colleagues (77) reported that at 12 months, among 
the 19 of 35 children still taking zonisamide, 7 (37%) 
were described as lethargic, 3 had behavior problems, 
and 3 had decreased appetite in a non-dose-dependent 
manner.

Pregabalin

A study of pregabalin administered to healthy adult 
volunteers demonstrated an effect of pregabalin on a 
subset of psychometric tests; specifically, of a total of 
seven psychometric tests, there was an adverse effect in 
three and an improvement in one, compared to placebo. 

Functions adversely affected included arousal and reaction 
time, both of which were affected transiently. The test on 
which there was an improvement on pregabalin was also 
an assessment of reaction time. The third test in which 
pregabalin treatment was associated with a worse score 
was a subjective report of sedation. (78). No studies of 
children have been reported.

Clobazam

A drug that has not been approved for sale in the United 
States, clobazam is one of the few AEDs that have been 
studied in children using formal psychometric measures. 
A study comparing clobazam to carbamazepine or phe-
nytoin found that the scores on performance IQ and 
memory tests were inversely related to clobazam serum 
concentrations. Whereas practice effects were evident in 
children on carbamazepine and phenytoin tested after 
a year of treatment, the children taking clobazam did not 
have a practice effect (79). As discussed previously, the 
absence of a practice effect likely indicates impairment 
of cognitive function (8).

VAGUS NERVE STIMULATION

A study by Clark et al (80) compared 10 patients with 
vagus nerve stimulation (VNS) to a control group of 
patients with sham stimulation and found that VNS 
stimulation of 0.5 milliamperes administered after read-
ing a paragraph enhanced word recognition; there was 
no improvement with stimulation intensities of 0.75 to 
1.5 mA and no improvement if the stimulation was done 
before reading the paragraph.

CONCLUSION

The nature of the data available, coupled with individual 
variability in response to the various AEDs, make it dif-
ficult to predict how an individual child will respond to 
a specific drug. The newer AEDs have the advantage of 
requiring less monitoring for medically serious adverse 
effects such as bone marrow suppression or hepatic dys-
function. For absence seizures, ethosuximide is a safe, 
effective drug with little in the way of adverse effects (81). 
For partial seizures and generalized convulsive seizures 
there are some clues as to which drugs are more or less 
likely to be problematic (Table 69-3). When administered 
prudently, lamotrigine, tiagabine, oxcarbazepine, leve-
tiracetam, and zonisamide are effective, safe, and have 
favorable cognitive side-effect profiles. Topiramate and 
clobazam appear be more likely to cause cognitive side 
effects, and gabapentin has been linked to adverse behav-
ioral effects. It is of interest that a critical review of the 
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literature on phenobarbital suggests that its reputation 
for adverse cognitive and behavioral side effects is not 
fully documented. Hopefully, multicenter, blinded, head-
to-head studies of different AEDs using a uniform battery 
of formal psychometric measures will be done to address 

these questions more conclusively. Pharmaceutical 
company–sponsored studies of new drugs should include 
objective, quantifiable psychometric testing in addition 
to the subjective, qualitative adverse effect reports that 
are currently the norm.

TABLE 69-3
Summary of Predominant Adverse Cognitive and Behavioral Effects

DRUG BEHAVIORAL/COGNITIVE EFFECTS REFERENCES

Phenobarbital IQ effects, irritability 34, 35, 36, 37
Phenytoin Processing speed 39, 40, 41
Carbamazepine Memory, behavior 41, 42, 43
Valproic acid (cognitive teratogenic effects) 41, 42
Lamotrigine  53, 54
Gabapentin Behavior 55, 56
Tiagabine Somnolence, nervousness 59, 60
Vigabatrin Irritability, excitability 62
Topiramate Cognitive 66, 67
Oxcarbazepine Somnolence 70
Levetiracetam Behavior 72, 74
Zonisamide Cognitive, behavior 77
Pregabalin No childhood studies 
Clobazam IQ and memory 79
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epilepsy, benign
Benzodiazepine receptors and membrane 

excitability, 32–33
Benzodiazepines (BZDs), 22, 33, 236, 

276, 298, 314, 314t, 413, 419, 
468, 472, 557–563, 566t

Beta-hydroxybutyrate, 740, 742f
Bilateral fronto-parietal polymicrogyria, 

108t
Bilateral perisylvian PMG (BPP) 

syndrome, 113–114, 114f
Bilateral periventricular heterotopia, 108t
Biochemical abnormalities, metabolic 

diseases and, 190t
Biotin, 714
Biotinidase deficiency, 390
Birth history, 187
Blindness, 354f
Blue cohosh (Caulophyllum thalictroides),

716
Body surface area, age versus, 512f
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Borage, 716
Brain
 abnormalities, congenital as seizure 

factor, 233t
 anomalies of, 18, 22–23, 22t
 biochemistry and molecular biology 

of, 7–8
 function, alterations in, 42
 inflammation of (see Encephalitis)
 morphology of, 7
 physiology of, 6
 plasticity of, 131
Brain-derived neurotrophic factor 

(BDNF), 82
Brain structure, anomalies of, 14–16
Brain structure, seizure control, role in, 

11–14, 12f
Breast milk, antiepileptic drugs (AEDs) in, 

512–513, 513t
Breath-holding, 178, 185, 195
Brivaracetam, 759–760
Bromides, 276
Buccal/sublingual drug administration, 

518, 529–530

Cajal-Retzius cells, 85
Calcium, 4, 9
Calcium-binding proteins, 40
Calcium channel blockers, 416t
Calcium channels, 32, 38–40, 425
Calmodulin (CaM) kinase II, 40–41
Cannabinoid receptors, 41
Carbamazepine-10, 11-epoxide (CBZE), 

568t
Carbamazepine (CBZ)
 administration of, 569t
 adverse effects of, 877
 benign infantile seizure disorder 

treatment with, 287
 biotransformation, pharmacokinetics, 

and interactions of, 568–
574, 569t

 calcium conduction, role in, 34
 chemistry of, 568, 568t
 clinical efficacy of, 567–568
 clinical trials of, 441
 drug interactions involving, 570–573, 

571t
 effectiveness of, 22
 enzymes, impact on, 538
 formulations of, 522–523, 523f, 523t,

527–528, 527t
 idiopathic generalized epilepsy 

treatment with, 362
 Landau-Kleffner syndrome (LKS) 

treatment with, 355
 Lennox-Gastaut syndrome (LGS) 

counterindications for, 315
 monitoring of, 456
 myoclonic-astatic epilepsy treatment 

with, 279
 non-antiepileptic drugs (AEDs), 

interaction with, 541
 overview of, 413, 452

 profile of, 418, 421
 sulthiame (STM) compared to, 653
Carbonic anhydrase inhibition and 

inhibitors, 31, 37, 747
Cardiac arrhythmias, 195
Carisbamate (RWJ-333369), 764–765
Carnitine, 714, 715, 747
Carnosine, 715
Case definition for cost studies, 832–833
Catamenial epilepsy, 477–479, 478t
Cataplexy, 175, 177
Catastrophic epilepsy, models of, 23
Catastrophic syndromes, 229
Causal lesions, 83–84
Causes of epilepsy, 118
Cavernous angioma (cavernoma), 218
Celiac disease, 372
Central nervous system (CNS), adverse 

events in, 678–679
Central nervous system (CNS), infection 

as seizure factor, 233t, 391
Cerebellar hypoplasia, 108t
Cerebral blood flow (CBF), changes, 

detecting, 223, 224
Cerebral cortical malformations
 cells, abnormal in, 104t
 classification of, 106, 107t, 108–114
 clinical observations concerning, 106–

107
 electroencephalographic (EEG) 

features of, 106t
 epidemiology of, 102
 epileptogenic activity in, 106–107
 focal, genomic study of, 105
 immature patterns of expression in, 104
 neurotransmitter receptor subunits, 

abnormal in, 104–105
 pathology of, 102–104
 seizure and epilepsy types associated 

with, 101–102
Cerebral energy metabolism, disorders 

of, 747
Cerebral energy reserves, increase in, 741
Cerebral infarction as seizure factor, 233t
Cerebral palsy, 849, 853
Cerebrospinal fluid (CSF) metabolites, 

189–190
Channel gene mutations, 60
Childhood absence epilepsies (CAEs)
 benign focal epilepsies, classification 

as, 335
 channelopathies in, 48t, 125
 clinical manifestations of, 324–325, 

360
 course and prognosis in, 332
 diagnostic evaluation and differential 

diagnosis of, 329–330, 330t
 electroencephalographic features of, 

200–201, 202f, 325–327, 
326f, 330

 epidemiology of, 324, 360
 etiology of, 327
 incidence of, 154, 156
 IQ (intelligence quotient), high 

associated with, 861
 overview of, 143, 323–324
 pathophysiology of, 327–329, 359
 term usage, 323
 treatment for, 330–332
Childhood and adolescence, channel 

mutations in, 56–59
Chinese medicine, traditional, 721
Chloride, 9, 10f
Chloride channels, 31, 33–34
Chloride permeability, controlling, 33
Choline (Cho), 222
Chorea, 173–174, 173t
Chromosomal abnormalities, 118, 391–

392, 852
Chromosomal anomalies as seizure factor, 

233t
Chromosomal studies, 190
Chronic epilepsy, models of, 23
Chronic focal (Rasmussen) encephalitis. 

See Rasmussen encephalitis
Chronic seizures, models of, 4, 6
Chronic viral encephalitis, 220
Cinromide, 316–317
Classification of epilepsies
 history and evolution of, 137–140
 ILAE (International League Against 

Epilepsy), 102, 140, 142t,
185

 improvements in, 748
Classification of seizures. See Seizure 

types and classification
Clearance (of drug), 503–504, 505, 

506–507
Clinical neurophysiology, 232–233
Clinical studies, 445–446
Clinical trials, 316–320, 317t, 429, 430, 

435t, 436t, 437t, 748, 802, 819
Clobazam, 314, 563, 879
Clonazepam (CZP), 237, 272, 273, 314, 

373, 527, 527t, 561–562
Clorazepate, 562–563
Closed circult television-

electroencephalogram (EEG) 
monitoring, 208–209

Cobblestone lissencephaly, 108t, 112–113
Cochrane, Archibald Leman, 429–430
Cochrane Library, 431
Cockayne syndrome, 395
Cognitive development in offspring of 

women with epilepsy, 497
Cognitive function, 847
Cognitive side effects of antiepileptic 

drugs (AEDs), 873–880, 880t
Combination drug therapy, 441–447
Comorbidities of epilepsy, 853–854, 854t
Complex partial seizures. See Partial 

seizures: complex
Complimentary and alternative medicine 

(CAM), 237, 711–723, 712t
Computed tomography (CT), 214, 249
Computer-assisted EEG analysis, 232–233
Confusion, episodic, 180
Congenital brain abnormalities, 392
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Congenital infections, 393
Congenital malformations in offspring of 

women with epilepsy, 490–496, 
492t

Consciousness, altered during seizures, 139
Consciousness, loss or impairment of, 

168t, 177, 178, 186, 377
Constipation, 746
Continuous spike waves during sleep 

(CSWS), 144, 352–353, 355, 
356, 755. See also Electrical 
status epilepticus of sleep 
(ESES)

Controlled Oral Word Association Test 
(FAS Fluency), 780

Cornu ammonis (CA), sclerosis of, 18
Cortical development
 disorders of, 776
 malformations of (MCDs), 84–92, 

101, 108t, 217f, 383 (see
also Cerebral cortical 
malformations)

 perinatal brain injury impact on, 96f
 stages of, 107t, 107–114
Cortical disorganization, 92–93
Cortical dysplasia (CD), 84, 86–89, 87f,

88f, 90, 90f, 118, 187, 215f, 776, 
786–787, 787f, 787t, 793f, 802

Cortical dysplasia-focal epilepsy 
syndrome (CDFE), 48t, 55–56

Cortical dysplastic lesions (CDLs), 773
Cortical hamartomas, 215
Cortical heterotopias, 216
Cortical lamination disorders, 107t,

111–113
Cortical malformations, 214
Cortical tubers, 91, 222
Corticosteroids, 255, 261, 262t, 264t,

315, 355, 545–546, 551–552, 
751, 755, 775. See also
Prednisone (corticosteroid)

Corticotropin-releasing hormone (CRH), 
255–256

Cost-benefit studies, 832, 834–836
Cost of epilepsy
 direct, 834t
 estimating, 833t, 834t
 measuring, 78
 other illnesses, cost separated from, 833
 studies of, 833–834
 total, 834
Cost of illness studies, 831–832
Cowden syndrome, 108t
Cranial malformations, 187
Craniosacral therapy, 712t, 713–714
Creatine/phosphocreatine (Cr/PCr), 222
Cryptogenic epilepsies
 classification of, 142t
 defined, 118, 185
 incidence of, 154
 myeloclonic, 189t
 outcomes for, 853, 853t
CSF (cerebrospinal fluid) metabolites, 

189–190

Cumulative incidence of epilepsy, 161t, 162
Cyanotic breath-holding, 178
Cyclosporine, 756
Cytochrome oxidase deficiency, 747
Cytokines, excitotoxicity modulation, role 

in, 753
Cytokines and seizure activity, 752
Cytomegalovirus, 390

Daydreaming, 175, 329, 330t
Definitions, 140–141, 143–145, 147–149
Degenerative disorders, 776
Dendrotoxin-I, 34
Dentate granule cells, 79–80, 82
2-deoxyglucose (2-DG), 10–11, 13
Depakote®/Depakote-ER® (divalproex 

sodium), 524–525, 531
Destructive lesions, 96, 96f
Developmental delay in childhood 

epilepsy, 811, 822
Developmental delay in offspring of 

women with epilepsy, 483–485, 
484t

Developmental desynchronization, 256–
257, 256f

Developmental disabilities, 849
Developmental history, 187
Developmental models of epilepsy, 24
Developmental tumors, 110–111
Diagnosis of epilepsy, 185
Diazepam, 236t, 287, 288, 314, 354f,

468, 468t, 470–471, 527t, 528, 
528f, 558, 559t, 560

Diet-based therapies, 712t, 739–748
Diffusion spectroscopic imaging (DSI), 222
Diffusion tensor imaging (DTI), 221–222, 

222f, 785–786
Dihydropyridines, 38, 39
Dimethadione, 583, 583t
Disodium valproate, 331
Disorders associated with epilepsy, 

387–397
Disorders imitating epilepsy
 electroencephalogram aid in 

diagnosing, 195
 overview of, 168–169, 168t, 181–182
 pseudoseizures (nonepileptic seizures), 

181, 182t, 185, 186, 382, 
771–772

 sleep, occurrences during, 169–170, 
195

 waking disorders, 170–181
Divalproex sodium, 524
Doose syndrome, 156, 201–202, 269, 

270t, 277–280, 278f, 677
Dosage form selection. See Drug 

administration routes
Dose versus concentration curve, 508f,

640f, 642f
Double-blind placebo-controlled studies, 

Lennox-Gastout syndrome 
(LGS) treatments tested 
through, 316–319, 317t

Double cortex mutation, 14, 15t, 112f

Double cortex syndrome, 108t
Dravet syndrome, 127–128, 138, 144, 

156, 204–205, 269, 270t, 273–
277, 275f, 303, 304, 677. See
also Severe myoclonic epilepsy 
of infancy (SMEI)

Drop attacks, 175, 218, 307, 605f
Drug absorption, 506, 535–536
Drug administration routes
 buccal/sublingual, 518
 intranasal, 518, 530–531
 parental and oral, 519–526, 531
 rectal, 519, 527–529, 527t
 techniques and guidelines, 531–532, 

531t
 theoretical aspects of, 515–518
Drug analogs, 759
Drug concentration, 504f, 508f, 640f,

642f
Drug disintegration and absorption, 516f
Drug effect, interpretation of, 443–444
Drug elimination, 503–504, 505, 506–507
Drug half-life, 504–505, 504f, 505f
Drug interactions, 442, 443t, 444, 

535–541
Drug intoxication, seizures due to, 233t
Drug-metabolizing enzymes, 508t
Drug protein binding, 509, 509t, 536–537
Drug-resistant epilepsy. See Therapy-

resistant epilepsy
Drugs, recreational, use and withdrawal 

from, 185
Drug transporter proteins, 536
Drug withdrawal, seizures due to, 3, 

233t
Duration of epilepsy, IQ (intelligence 

quotient) and, 859–860
Duration of epilepsy, number of seizures 

and, 407
Dysconjugate gaze, 114
Dysembryoplastic neuroepithelial tumors 

(DNET/DNT), 102, 110–111, 
217, 218f

Dysfunctional families, 776
Dystonia, 169

Early infantile epileptic encephalopathy 
(EIEE), 189t, 227, 234, 234t,
258, 259t, 260

 with suppression bursts, 241–244, 
243f

Early myoclonic encephalopathy (EME), 
144, 227, 234, 234t, 244–246, 
245f, 258, 259t, 260

Eclampsia (term), 137
Economics of pediatric epilepsy, 831–836
Educational interventions for children with 

epilepsy, 866, 867, 870–871
Electrical kindling model, 414, 414t
Electrical status epilepticus of sleep 

(ESES), 351, 352–353, 353f,
354, 355f, 355, 356, 755

Electric shock-induced seizures, 33
Electrodecremental events, 201f
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Electrode implants, indications for, 780
Electrodes, special, 196–197
Electroencephalogram (EEG) 

abnormalities
 autism and, 393
 differential diagnosis and, 195
 disorders associated with, 189t
 epilepsy classification based on, 140
 epilepsy correlation to, 198f
 genetics of, 122, 130t
 interpreting, 210
 monitoring, 208–209
 nonspecific, 198–200
 seizure recurrence risk associated with, 

405, 407
 testing for, 190–191, 777, 780–781
Electroencephalogram (EEG) technique, 

195–197
Electrophysiology, 10
Emotional status, 838–839
Encephalitis, 93–96, 94f, 95f, 187, 391
Encephalomalacia, 96, 96f
Encephalopathic epilepsies, 855
Encephalopathy, immunomodulatory 

therapies associated with, 756
Encephalotrigeminal angiomatosis, 84, 92
Endocannabinoid system, anticonvulsants 

targeting, 41
Environment
 gene-environment interactions, 129, 

256f
 immature brain vulnerability to, 8
 stress of, 41
Enzyme induction and inhibition, 537–

538, 540
Enzyme systems, drug impact on, 537t
Epidemiology of epilepsy, 149, 154
Epidermal nevus syndrome, 389
Epigenetic factors in epilepsy, 122–123, 

132f
Epilepsia partialis continua, 206, 462
Epilepsy (defined), 147, 149, 154t, 185
Epilepsy Foundation of America, 131
Epilepsy (word origin), 117
Epileptic channelopathy syndromes, 48t,

52–59
Epileptic syndromes
 abnormal development and intellectual 

decline associated with, 861
 absence seizures featured in, 324t
 classification of, 138, 140, 142t, 200, 

234
 cognitive function, prognosis for, 854t
 electroencephalographic (EEG) 

features of, 200–206
 epilepsy types and, 854–860
 idiopathic generalized epilepsies (IGE) 

and, 364
 inborn metabolism errors and, 189t
 incidence of, 154–157, 162
 infantile spasms, differentiation from, 

258, 259t, 260
 intractable epilepsy, association with, 

772–775

 neonatal, 230, 234–235, 241–247
 positron emission tomography (PET) 

in, 223
 remission prognosis and, 407–408, 

408t
 treatment for, 751
Epileptogenesis
 age relationship to, 198
 cerebral cortical malformations in, 

102–106
 factors in, 59, 132f
 inflammation and, 753
 inhibition of, 17–18, 41–42, 298–299
 understanding, 132, 133
Epileptogenic cortex, locating, 222
Epileptogenic stimuli, exposure during 

development, 17–18
Episodic ataxia, 57–58
ESES. See Electrical status epilepticus of 

sleep (ESES)
Eslicarbazepine acetate, 759, 760–761
Estrogens, effects on seizures, 23–24, 23t
Ethnic background, 133
Ethosuximide (ESM), 279, 315, 331, 

332, 363, 413, 418, 452, 525, 
579–582, 580t, 879

Ethotoin (Peganone), 648–649
Etiology of epilepsy, 154, 157, 162, 

850–853, 850t
Evidence-based medicine, 429–438
Evidence-based practice guidelines, 433–

436, 433f, 438t
Excitability, 31, 33, 38, 760–761
Excitatory amino acid (EAA) 

neurotransmitters, seizure-
related injury, role in, 69–70

Excitatory amino acid (EAA) receptors
 calcium channels and, 39–40
 excitotoxicity theory and, 65–66
 overactivation of, 72f
 pharmacology of, 65–68
 seizure sequelae, role in, 70
 synaptic transmission mediated by, 67f
Excitatory amino acids (EAA), 38, 71
Excitatory and inhibitory synaptic 

markers, 68–69
Excitatory transmission, 31, 35–36
Excitotoxic injury, 72f
Excitotoxicity, 65–66, 72
Experimental studies, 444–445, 818–819. 

See also Animal models
External knowledge (systematic reviews 

or guidelines), 429, 430f
Extratemporal resections, 802

Fainting. See Syncope
Familial lateral temporal lobe epilepsy 

with auditory features 
(ADPEAF), 128t

Familial Partial Epilepsy with variable 
foci, 128t

Family adjustment to child’s epilepsy, 
841–842

Family history, 187, 405

Family impact on quality of life, 839
Febrile seizures (FS). See also Generalized 

epilepsy with febrile seizures 
plus (GEFS+)

 classification of, 137, 293
 counseling and education regarding, 

299
 defined, 148, 293
 epidemiology of, 293–295
 epileptogenic cortex, locating in, 222
 evaluation of, 296–297
 genetics of, 126t, 127–128, 296
 incidence of, 53, 165
 mesial temporal sclerosis and, 297
 morbidity and mortality in, 295–296
 pathophysiology of, 297
 syndromes, idiopathic epilepsy and, 

126t
 treatment and prevention of, 297–299, 

691, 721t
Feedback therapy, 713–714
Felbamate (FBM), 276, 317–318, 317t,

331, 420, 425, 453–454, 528, 
585–590, 588t, 589t

Felbamate (FBM) (Felbatol®), 525
Female patients with epilepsy, 477–485
Fetal antiepileptic drug syndromes, 496
Fetal malformations in women with 

epilepsy (WWE) 
 drug-related risk of, 489–499, 493f,

494f, 495f
 general risk of, 481–482, 491t, 494f
Fetal ultrasound, 213
Fisher, Sir Ronald, 118
Fluoraminopyridine, 34
Fluorofelbamate, 761
Flurothyl, 14
Flurothyl-induced seizures, 11, 12f, 13t,

18, 20
Fly genes, 55
Focal cerebritides, 391
Focal clonic seizures, 230t, 231t
Focal cortical dysplasia (FCD)
 balloon cells absent in, 113
 balloon cells in, 90, 110
 diagnosing, 383
 neuronal and glial proliferation, 

abnormal in, 109, 110f
 nonneoplastic lesions in, 111
 surgery for, 102
 Taylor-type, 102–103, 215, 802
 term usage, 85
Focal epilepsies and syndromes, 142t
Focal left parietal spikes, 198f
Focal motor seizures, 378
Focal neurologic deficits, 217
Focal resections, 804–805
Focal seizures, 139, 139t, 140t
Focal subcortical heterotopia, 112
Focal tonic seizures, 230t, 231t
Folate, 714, 715
Folinic acid, 714
Fosphenytoin (phenytoin prodrug 

equivalent), 236, 468t, 471–
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472, 519–520, 648
Fosphenytoin sodium, 520t
Fractional anisotropy (FA), 221
Fragile X syndrome, 391, 393
Freezing lesions, 15
Freud, Sigmund, 137
Frontal lobe epilepsy (FLE), 776–777
Frontal lobe seizures, 380–382, 381t
Fukuyama muscular dystrophy, 113
Functional alterations, seizure-induced, 20
Functional cortical stimulation, 780–781
Functional imaging, 778
Functional magnetic resonance imaging 

(fMRI), 224, 779
Functional neuroimaging, 223–224
Functional outcome of surgery, 806

GABAeric system, 753
Gabapentin (GBP), 315, 331, 390, 420–

421, 454, 528, 593–598, 594f,
595f, 877–878, 879

Gabapentin (GBP) (Neurontin®), 525–
526

Gabitril. See Tiagabine (TGB)
Gamma-aminobutyric acidA (GABAA) 

receptors
 age-specific composition of, 7–8
 agonists, 754
 allosteric modulators, 416t
 binding to, 223
 chloride channels operated by, 10f
 depolarization, diminishing of, 9
 drug impact on, 13
 excitatory events mediated by, 6
 levels, altering of, 72
 neuronal inhibition by, 34
 penicillin as, 327–328
 removal of, 65
 types of, 34
Gamma-animobutyric acid (GABA), 33, 

594f, 662f, 699, 715, 722, 742f
Gamma-aminobutyric acid (GABA) 

analogs, 661
Gamma-animobutyric acid (GABA)-

chloride channel complex, 31, 
33–34

Gamma-animobutyric acid (GABA) 
neurons, loss and reorganization 
of, 78–79

Gamma-aminobutyric acid (GABA) 
receptors, 55, 60, 105, 425

Gamma-animobutyric acid (GABA) 
uptake inhibitors, 416t

Gamma-aminobutyric acidB (GABAB)
receptor agonists, 39

Gamma-aminobutyric acidB (GABAB)
receptors, neuonal inhibition 
by, 34

Gamma-globulins, 279
Gamma-hydroxybutyrate, 742f
Ganaxalone, 761–762
Gangliocytomas, 110–111, 217
Gangliogliomas, 110–111, 217, 218f
Gastroenteritis, 287

Gastroesophageal (GE) reflux, 185
Gastrointestinal adverse events, 679
Gelastic seizures due to hypothalamic 

hamartoma, 289, 773–775
Gender differences
 epilepsy incidence and, 149, 153
 epilepsy prevalence and, 162
 epilepsy syndromes, incidence of, 155
 seizure susceptibility and, 23–24
Gene defects, epilepsy-related, identifying, 

117, 131
Gene-environment interactions, 129, 256f
Gene mutation analysis, 132–133
Generalized epilepsies. See also Idiopathic 

generalized epilepsies (IGE)
 classification of, 118
 diet therapies for, 745
 febrile seizure syndromes and, 126t
 gene defects identified in, 123, 125
 prevalence of, 157
 syndromes and, 142t
Generalized epilepsy with febrile seizures 

plus (GEFS+), 48t, 53–55, 127–
128, 131, 296, 303–305, 304t

Generalized epilepsy with paroxysmal 
dyskinesias (GEPD), 48t, 59

Generalized seizures, 139, 139t, 140t,
220, 323, 674–675

Generalized tonic-clonic seizures (GTCS), 
125, 139, 310, 360, 362f, 363, 
377, 689

Generalized tonic-clonic seizures (GTCS) 
upon awakening, 143

Generalized tonic seizures, 230t, 231t
Generic drug formulations, 510–511, 517
Genetic-absence epileptic rat of 

Strasbourg (GAERS), 16
Genetic counseling issues in epilepsy, 

130–131, 131b
Genetic predisposition to epilepsy
 epigenetic factors and, 132f
 experimental models, 16–17
 expression in infancy, 3
 genetic counseling issues, 130–131
 idiopathic generalized epilepsies and, 

359
 myoclonias and, 271
 overview of, 118–122, 119f
 variables in, 130t, 132
Genetic testing for epilepsy, 130, 131, 

131b
Genitalia, male, abnormal, 108t
Gilles de la Tourette’s syndrome, 174–175
Ginkgo biloba, 716
Glia, development of, 8
Glial and neuronal proliferation 

disorders, 108t, 110–111
Glucocorticoids, 754
Glucose metabolism, baseline, 223
Glucose transporter protein deficiency, 

745f
Glutamate, 35, 36, 39, 65, 66, 67, 72
Glutamate/glutamine (Glx), 222
Glutamate-mediated excitotoxic 

mechanisms, 71
Glutamate neurotoxocity, developmental 

changes in, 69
Glutamate receptors, 104–105
Glycine, 716
Glycine encephalopathy, 390
Glycogenosis type V, 746
Glycolysis and glucose flux, reduction 

of, 741
GM2 gangliosidoses, 390
Gotu kola (Centella asiatica), 716
Grand mal seizures on awakening 

(EGMA), 58, 125, 154
Granule cells
 altered patterns of, 79–80
 disorganization of, 79–83, 80f, 81f
 dispersion, possible mechanisms of, 

80–83
Gray-white matter differentiation, loss 

of, 215
Growth retardation in offspring of 

women with epilepsy, 496–497

Hallucinations, 179
Hamartin, 90–91
Hamartomas, 215, 387. See also

Hypothalamic hamartomas
Headache, 179
Head banging, 169, 180
Head circumference, measuring, 187
Head drop, 204f
Head sonography, 213–214
Head trauma, 41
Health-related quality of life (HRQOL), 

837–839, 842–845, 844t
Hemifacial seizures of cerebellar origin, 

289
Hemimegalencephaly (HME)
 characteristics of, 103f, 110, 110f,

775
 classification of, 84, 85, 102
 etiology of, 89
 magnetic resonance imaging (MRI), 

detecting through, 215, 215f
 neuronal and glial perforation, 

abnormal in, 109
 positron emission tomography (PET) 

in, 223
 surgery indications in, 794
Hemispherectomy, 776, 805, 806–807
Hepatic enzyme induction, 537–538
Hepatic inhibition, 538, 540
Hepatic mass, relative, age versus, 512f
Hepatotoxicity, 589t
Herbs, 712t, 716–720, 717t–719t, 720t
Herpes virus encephalitis, 390
Heterotopias, 92, 102, 108t, 187
Hippocampal asymmetry, detecting, 214
Hippocampal damage, structural, seizure-

induced, 19–20
Hippocampal sclerosis, 71–72, 75, 76f,

79, 81, 786, 802
Homeopathy, 712t, 721t, 723
Hormonal contraceptives, 480–481



INDEX 889

Horsley, Victor, 138, 791
Human immunodeficiency virus, 391
3-hydroxybutyrate, 739
Hyperammonemia, 190t
Hyperglycemia, 185
Hyperpolarization-activated cation 

(HCN) channel, 35
Hypertension, seizures due to, 3
Hyperthermia, 735
Hyperthermia-induced seizures, 17–18
Hypertonia, 172
Hyperventilation, 175, 178, 196, 196f,

327, 361
Hypocalcemia, 185
Hypoglycemia, 185, 190t
Hypomelanosis of Ito, 389
Hyponatremia, 185
Hypothalamic hamartomas, 217–218, 

794, 823
Hypothalamic hamartomas, gelastic 

seizures due to, 289, 773–775
Hypotonia, 113
Hypoxemia, 17, 18, 65
Hypoxia-induced seizures, 18
Hypoxic-ischemia as seizure factor, 233t
Hypoxic-ischemic encephalopathy (HIE), 

233
Hypoxic-ischemic encephalopathy, 

seizures due to, 3
Hypsarrhythmia, 200f, 252f, 253–254, 

253f, 389, 392, 545

Ictal EEG findings, 232
Idiopathic childhood occipital epilepsy, 

335, 336, 336t, 337, 345–347, 
347f

Idiopathic convulsive disorders, incidence 
of, 162

Idiopathic generalized epilepsies (IGE)
 adolescent cases of, 359–365
 adult-onset, 364
 classification of, 142t, 185
 defined, 323, 359
 diagnosing, 365
 electroencephalographic (EEG) 

features of, 360–362
 genetics of, 117, 126t, 359, 360, 365
 medically intractable, 364–365
 pathophysiology of, 359–360
 seizures, morning predominance of, 

360, 362
 syndromes in, 364
 testing role in management of, 131
 treatment for, 362–363, 363t
 twins, studies in, 120
Idiopathic photosensitive occipital 

lobe epilepsy, 335, 336, 337, 
345–347

Idiopathic seizures, 137
Idiopathic (term), 359
Imaging, 191, 193, 213–224
Imaging modalities, 213–224
Immature brain
 antiepileptic drug (AED) therapy, 

adverse effects, potential on, 
237

 circuit development, delayed in/seizure 
expression modification in, 
10–14

 excitatory processes predominating, 
6–8

 ionic microenvironment and glial 
support for, 8–10

 seizure and injury mechanisms in, 70–71
Immature versus adult brain
 metabolic activation of, 11
 neurotoxicity in, 69
 seizure consequences in, 65
 seizures in, 3, 4, 4t, 6
 vulnerability to external environment, 8
Immunization, 257
Immunoglobulins, 317
Immunomodulatory therapy, 755, 756
Incidence of epilepsy, 149, 150t–151t,

153–154, 154t, 834t. See also
Cumulative incidence of epilepsy

Incontinentia pigmenti, 389
Infantile epileptogenic encephalopathy, 

early, 144
Infantile spasms (IS), 84, 127, 155t, 230t,

231t, 259t, 389, 392, 774f. See
also West syndrome (WS)

Infant mortality in women with epilepsy 
(WWE), 481

Infants
 axonal hyperexcitability in, 56
 channel mutations in, 52–56
 seizures in, 3 (see also under specific 

disorder, e.g.: Benign familial 
infantile seizures)

Infections, 390–391
Infections, central nervous system (CNS) 

as seizure factor, 233t, 391
Infertility in women with epilepsy 

(WWE), 479–480
Inflammation and epilepsy, 93–96, 94f,

95f, 751–752, 753
Inflammatory and autoimmune disorders, 

395–396
Injury prevention counseling, 331
Interictal electroencephalogram (EEG) 

findings, 232
Internal knowledge (physician-specific), 

429, 430f
International League against Epilepsy 

(ILAE), 139, 147, 229, 293. See
also Classification of epilepsies: 
ILAE (International League 
Against Epilepsy); Epileptic 
syndromes: classification of; 
Seizure types and classification: 
ILAE classification

International League against Epilepsy (ILAE) 
guidelines, 436t, 437t, 438t

Intracranial electroencephalogram (EEG) 
recording, 780

Intracranial hemorrhage as seizure factor, 
233t

Intramuscular formulations, 518
Intranasal drug administration, 518, 

530–531
Intravenous concentration, 504f
Intravenous dose, 504
Intravenous formulations, 515
Intravenous immunoglobulin (IVIG), 315, 

751, 754, 755
In-vivo testing, 414
Ion channel genes, mutations affecting, 

123, 125
Ion channels, 49–52, 50f, 359
Ion channels, structure and subunit 

composition of, 124t
IQ (intelligence quotient)
 defined, 848
 scores for offspring of women with 

epilepsy, 484t
 scores in children with epilepsy, 847, 

848f, 850, 851f, 851t, 853t,
860–861

Irradiation in utero, 14, 15–16, 15t
Ischemia, 17
Isovaleramide, 762

Jeavons syndrome, 323
Jitteriness, 172
Juvenile absence epilepsy (JAE), 125, 143, 

156, 323, 332, 364
Juvenile myoclonic epilepsy (impulsive 

petit mal), 143, 154, 156–157, 
156t, 205, 206f, 223, 323, 359, 
361f, 363, 364, 477, 677, 734

Kainate channels, 35, 36
Kainate receptor antagonists, 416t
Kainate receptors, 425
Kainic acid, 68, 69
Kava (Piper methysticum), 716
Ketogenic diet (KD), 276, 315, 316, 319, 

712t, 713f, 739–748, 745f,
747t, 811

Ketone bodies, 739, 740, 742
Kindling-related seizures, 4, 5f, 6
Kozhevnikov’s syndrome, 145
Kufs’ disease, 373
Kv1 channels, 55–56, 59

Laboratory studies, 188–190, 191t
Lacosamide, 762–763
Lactate/lipid (Lac), 222
Lactic acidosis, 393
Lafora disease, 368t, 369–370, 372, 373, 

746
Laminar heterotopias, 216
Lamotrigine (LTG), 317t, 318, 331, 421, 

454, 528, 538, 603–609, 605f,
606t, 608t, 877, 879

Lamotrigine (LTG) (Lamictal®), 526
Landau-Kleffner syndrome (LKS), 144–145, 

205–206, 351–356, 355f, 393, 
551–552, 755, 794, 803, 823

Language disorders and skill deficits, 811, 
867–868
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Language interventions, 868–869
Language mapping, 781
Late onset childhood occipital epilepsy. 

See Idiopathic childhood 
occipital epilepsy

Learning disabilities
 assessing, 314
 defined, 849
 epilepsy association with, 861, 870–871
Lennox-Gastaut syndrome (LGS)
 age-dependent nature of, 241
 anti-inflammatory therapies for, 754–

755
 cerebral lesions in, 84
 clinical manifestations of, 307–308, 

309–311
 defined, 308
 development of, 246, 330
 diagnostic evaluation and differential 

diagnosis of, 313–314, 371
 discovery of, 307–308
 electroencephalographic (EEG) 

features of, 201, 203f, 310–
311, 311f, 312f

 epidemiology of, 308–309
 incidence of, 155–156, 155t, 242, 352
 infantile spasms, differentiation from, 

258, 259t, 260
 lack of models for, 23
 myoclonic epilepsies, differentiating 

from, 269, 270t, 273
 overview of, 143, 307
 pathoanatomic abnormalities, 

association with, 14, 18–19, 
22t

 pathophysiology of, 312–313
 positron emission tomography (PET) 

in, 223
 prognosis in, 319–320
 surgery contraindications in, 803
 treatment for, 314–319, 314t, 317t,

525, 551, 676, 690, 734
 vagus nerve stimulation therapy for, 

811, 819, 821
Leptomeningeal angiomatosis, 92
Levetiracetam (LEV), 279, 316, 373, 390, 

422, 454, 538, 611–618, 612f,
617t, 759, 877, 878–879

Levetiracetam (LEV) (Keppra®), 526
Lgi1 mutations, 60
Lgi1 protein, 59
Lidocaine, 237, 288, 472
Light stimulation, electroencephalogram 

(EEG) readings during, 197f
Linear elimination kinetics, 504, 508f
Linkage analysis (between genes and 

epilepsy), 118, 120
Liquide ketogenic diet (KD), 744
Lissencephaly (agyria-pachygyria 

complex), 108t, 111–113, 112f,
118, 187, 216–217, 392

Lithium-pilocarpine status epilepticus, 11
Liver function tests, 188
Localizationist and pathologist era, 138

Localization-related epilepsies, 377–383
Long-chain triglycerides (LCT) diet, 739, 

743
Lorazepam, 236, 236t, 314, 468, 468t,

527t, 528, 560–561
Low birth weight in offspring of women 

with epilepsy, 483
Lumbar puncture, 188, 391

Macrocephaly, 109
Macroscopic heterotopia, 86
Magnetic resonance imaging (MRI), 

214–221, 249, 777–778
Magnetic source imaging (MSI), 224
Magnetoencephalography (MEG), 209–

210, 224
Malformations of cortical development 

(MCDs), 84–92, 101, 108t,
217f, 383. See also Cerebral 
cortical malformations

Malignant epilepsy with migrating partial 
seizures in infancy, 289

March in focal motor seizures, 378
Massage, 712t
Masturbation, 180
Maximal electroshock (MES) model, 727
Maximal electroshock (MES) test, 414, 414t
Mechanism of action for antiepileptic drugs 

(AEDs), 415–418, 415t, 416t, 425
Medication administration routes. See

Drug administration routes
Medication noncompliance, 776
Medications, reviewing, 187
Medication type and withdrawal 

considerations, 408
Megavitamin therapy, 712t, 714
Melatonin, 720
Membrane excitability, benzodiazepine 

receptors and, 32–33
Mendellian forms of epilepsy, 47–48
Mendellian versus complex inheritance, 

118, 131
Meningio-angiomatosis, 84
Meningitis, 185, 187, 391
Menkes disease, 389–390
Menses association with epilepsy, 477–

479, 485
Mental retardation, 113, 307, 308, 330, 

392, 393, 776, 811, 822, 847, 
849, 851, 852, 853, 853t, 861

Mephenytoin (Mesantoin), 648
Mesial temporal lobe epilepsy (MTLE), 

221
Mesial temporal sclerosis (MTS), 219–

220, 221f, 297, 786, 786f, 802
Metabolic acidosis, 190t, 472
Metabolic activation, spread during 

seizures, 10–11, 65
Metabolic consequences of seizures, 71
Metabolic diseases and disorders
 biochemical abnormalities and, 190t
 brain alterations due to, 41
 inherited, screening for, 188–189
 proton magnetic resonance (MR) 

spectroscopy for, 223
 scope of, 389–390
 seizures due to, 3, 233–234, 233t, 271
 surgery contraindications in, 776
 testing for, 191t
Metabolic panel, basic, 188
Metabolism, drug, 537–538, 540
Metabolism, inborn errors of, 189t, 390
Metabolites, imaging of, 222
Metabotropic receptor inhibitors, 36
Metabotropic receptors, 31, 36
Methphenobarbital (Mebaral®, MBL), 

628–629
Methsuximide, 582–583, 582t
Methyloxymethanol-induced neuronal 

migration disorder, 14–15
Methyloxymethanol (MAM), 14, 15f,

15t, 18
Mice, genetic epilepsy in, 16–17
Microcephaly, 108t, 109, 187
Microdysgenesis, 19
Microgyria, 85. See also Polymicrogyria 

(PMG)
Midazolam, 236, 237, 468t, 471, 528–

529, 561–562
Migraine, familial hemiplegic, 286–287
Migraine headache, 175, 177–178, 179, 

180, 185, 195, 382, 728f
Migration disorders, 23, 216–217
Miller-Dieker syndrome, 84, 392
Mitochondrial disorders, 190, 747
Mitochondrial encephalomyopathies, 

392–393
Mitochondrial encephalomyopathy with 

lactic acidosis and strokelike 
episodes (MELAS), 393, 747

Mitochondrial uncoupling protein, 742
Modeling of epilepsies, 138
Molecular and genetic era, 138
Monoamines, 37
Montages, 195
Morning predominance of idopathic 

generalized epilepsy (IGE) 
seizures, 360, 362

Mossy fibers, reorganization of, 76–78, 
77f

Motor automatisms, 230t, 231t
Motor signs, 378
Movement disorders
 electroencephalogram aid in 

diagnosing, 195
 imitators of epilepsy, 168t
 simple paroxysmal, 170–172
 sleep period occurrences of, 169
Multidrug resistance, 509–510
Multilobar excision, 776
Muscimol, 13, 13t, 14
Muscle eye brain disease, 113
Myelination in normal brain, 214
Myeloclonic encephalopathy, early, 189t
Myoclonic absences, epilepsy with, 144, 

269, 270t, 271, 323, 745
Myoclonic-astatic epilepsy (MAE), 201–

202, 270t, 277–280, 278f, 304, 
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313, 352
Myoclonic-astatic seizures, 144, 259t,

323
Myoclonic ataxias, progressive, 372
Myoclonic-atonic seizures, 310, 311
Myoclonic epilepsies, 269–271, 270t,

313, 367–373, 392–393, 677. 
See also under specific epilepsy 
type, e.g.: Benign myoclonic 
epilepsy in infancy

Myoclonic seizures, 230t, 231t, 352, 360, 
551, 689–690, 745

Myoclonic seizures, massive, 310, 311
Myoclonic status epilepticus, 362
Myoclonus, 170–171, 173–174, 173t
Myo-inositol (mI), 222
Myokymia, 57–58

N-acetyl aspartate (NAA), 222
N-acetylzonisamide, 730, 730f
Narcolepsy, 175, 177
Nasogastric tubes, 530–531
Naturopathy, 712t, 723
Neocortex, development of, 85–86, 89
Neocortical lesions, 14, 83–84
Neocortical tubers, 89, 90f
Neonatal electroencephalography (EEG), 

206–208, 207f, 208f, 232
Neonatal hemorrhage in offspring of 

women with epilepsy (WWE), 
482–483

Neonatal herpes simplex encephalitis, 390
Neonatal seizures
 clinical features of, 229–231, 230t,

232–233
 defined, 148
 diagnosing, 207
 etiology of, 165, 233–235, 233t, 238
 evaluation of, 166, 232–233
 overview of, 144, 229
 prognosis in, 238–239
 pyridoxine-dependent, 714
 spasms and, 250–252
 treatment for, 206, 235–237
Neonates and infants
 axonal hyperexcitability in, 56
 channel mutations in, 52–56
 seizures in, 10103 (see also under

specific disorder, e.g.: Benign 
familial infantile seizures)

Neoplasms, 217–218
Neoplastic disorders, 396
Nerve cell hypertrophy, 87
Nervous system, injuries to, 41
Neurobehavioral and psychosocial 

assessment, 779–780
Neurocutaneous syndromes and 

disorders, 93, 387–389
Neurodegenerative disorders as seizure 

factor, 233t
Neurodevelopmental outcome of surgery, 

804–805
Neurofeedback therapy, 712t, 713
Neurofibrillatory tangles (NFTs), 87, 87f

Neurofibromatosis type I, 108t
Neurofibromatosis type II, 84
Neurofibromatosis (von Recklinghausen’s 

disease), 93, 388
Neurogenesis, 83
Neuroimaging, 191, 193, 213–224
Neurological examination, 188
Neurologic damage, seizure-related, 165
Neurologic disease morbidity in children, 

162
Neurologic insults, 41, 185
Neurologic status, 407
Neuromodulators, 31, 37–38
Neuronal and glial proliferation 

disorders, 108t, 109–111
Neuronal ceroid lipofuscinoses (NCLs), 

368t, 370–371, 373
Neuronal cytomegaly, 87
Neuronal excitability
 calcium channels and, 38
 potential mechanisms underlying 

altered, 760–761
 regulation of, 31, 33
Neuronal function, calcium-mediated 

regulation of, 31, 38–42
Neuronal injury, glutamate-mediated 

excitotoxic mechanism role in, 71
Neuronal injury, inflammation, 

epileptogenesis, and, 753
Neuronal loss, granule cell dispersion 

association with, 82
Neuronal loss, resultant circuitry and, 

75–76
Neuronal migration, 14
Neuronal migration disorders (NMDs), 

14–15, 15f, 18, 23, 84, 108t,
111–113, 112f

Neuronal necrosis, 14, 19
Neuronal reorganization in temporal lobe 

epilepsy, 76–79
Neuroprotective treatments, 24, 24f
Neuropsychiatric adaption, epilepsy and, 

860
Neurosteroids, 552–553
Neurotoxicity, 449–450
Neurotransmitter receptor subunits, 

abnormal, 104–105
Nightmares, 170
Night terrors (pavor nocturnus), 170
Nigral GABAergic drugs, 13t
Nitrazepam, 314, 562
NMDA (N-methyl-D-aspartate), 425, 729
NMDA (N-methyl-D-aspartate) analog, 

toxicity of, 69
NMDA (N-methyl-D-aspartate)-mediated

neurotoxicity, 70
NMDA (N-methyl-D-aspartate) receptor 

antagonists, 15, 22, 23, 416t
NMDA (N-methyl-D-aspartate) receptors
 activation of, 36, 40
 animo acid receptors, 39
 calcium, extracellular regulation of, 9
 cortical glutamate-mediated excitation 

utilization of, 6

 IL-1 beta interaction with, 752
 ion channels regulated by, 35
 receptor/channel complex, 66, 66f, 67
Nocturnal frontal lobe epilepsy, 128t
Nocturnal motor seizures, 57
Nodular heterotopias, 216, 216f
Non-antiepileptic drugs (AEDs), 

antiepileptic drug (AED) 
interaction with, 539t–540t,
540–541, 674

Nonconvulsive status epilepticus (NCSE), 
473–474

Non-epilepsy-related variables in learning 
and behavior, 847–848, 849–
850

Non-evidence-based practice guidelines, 
432–433

Nonfebrile seizures, treatment for, 721t
Non-ion channel genes, mutations 

affecting, 125
Nonlinear elimination kinetics, 507–509, 

508f, 642–643, 645–646
Non-NMDA receptors, 39, 67–68, 70
Nontreatment of seizures, risks associated 

with, 409

Occipital lobe epilepsy (OLE), 777
Ocular movements, 207
Ocular signs, 230t
Ohtahara syndrome, 241–244, 243f,

246–247, 352, 551
Oligodendrogliomas, 217, 219f
Oligohydrosis, 735
Onset, epilepsy age at
 antiepileptic drug (AED) withdrawal 

age and, 407
 family member epilepsy risk associated 

with, 130t
 genetics role in, 131b, 132
 IQ (intelligence quotient) relationship 

to, 858–859, 858t, 859f
 seizures in older children and 

adolescents, 166
 seizure type relationship to, 186
Opsoclonus, 174–175
Opsoclonus-myoclonus syndrome, 

174–175
Oral-buccal-lingual movements, 230t
Oral drug administration, 535–536
Oral formulations, 516–517, 519
Osteopenia, 746
Oxcarbazepine (OCBZ), 316, 362, 422, 

455, 529, 538, 540, 574–575, 
574f, 575t, 759, 878, 879

Oxcarbazepine (OCBZ) (Trileptal®), 526
Oxygen metabolism, changes in, 224

Pachygyria, 19, 108t, 112f, 216f, 217
Pallid breath-holding, 178
Panayiotopoulos syndrome, 335, 336, 

336t, 337, 340–345, 341f, 342f,
344f

Panic or fear, 180–181
Paraldehyde, 237, 472, 527t, 529
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Parasitic infections, 391
Parenteral formulations, 519
Parietal lobe epilepsy (PLE), 777
Paroxysmal choreoathetosis, 286
Paroxysmal exercise-induced dyskinesia 

(PED), 171–172
Paroxysmal hypnogogic dyskinesia, 169
Paroxysmal kinesogenic dyskinesia 

(PKD), 171
Paroxysmal nonkinesogenic dyskinesia 

(PNKD), 171
Paroxysmal upgaze deviation, 174
Partial epilepsies
 clinical manifestations of, 283–284
 electroencephalographic (EEG) 

features of, 284–285
 episodic ataxia with myokymia and, 

57
 genetic risk factors for, 130t
 genetics of, 128–129, 128t
 idiopathic, 285–288
 infancy cases of, 283–289
 pathogenesis of, 71
 symptomatic and cryptogenic, 288–

289
Partial seizures
 age breakdown for, 162
 complex, 72f, 285, 310, 330t, 377, 

380, 381t, 382, 383, 772
 diet therapies for, 746
 electroencephalographic (EEG) 

features of, 205f
 etiology of, 377–378
 evolution of, 220
 glioneuronal tumors in, 217
 incidence of, 771
 localization of, 856–858
 simple, 377, 378, 379–380
 surgery for, 774f
 symptoms and characteristics of, 378–

382
 treatment for, 614–615, 674–676, 

690–691, 733
Pathogenesis of epilepsy, 748
Patient and family education, 410–411
Patient evaluation, 186–190
Pediatric Epilepsy Surgery program, 

UCLA Center for Health 
Sciences, 86

Penicillin, 327–328
Pentobarbital, 629–630
Pentylenetetrazol-induced seizures, 32, 33
Pentylenetetrazol-induced status 

epilepticus, 11, 20, 22
Perceptual disturbances, 168t, 179
Perinatal brain injury, 96f
Perioral myoclonia with absences, 323
Periventricular heterotopia, 113, 216f
Petit mal (term), 323, 462
Phantom absences, 323
Pharmacogenomics in epilepsy, 129–130
Pharmacokinetics
 age effect on, 643–645, 645f
 interactions, 442, 443t, 444, 535–541

 maternal drug sources and, 513t
 overview and concepts, 503–509
Pharmacologic consequences of seizures, 

71
Phasic gamma-aminobutyric acidA

(GABAA) receptor-mediated 
inhibition, 34

Phenobarbital (PB)
 adverse effects of, 24, 451, 624–626, 

876, 880
 animal testing of, 22, 653
 benign infantile seizure disorder 

treatment with, 287, 288
 benign myoclonic epilepsy in infancy 

(BMEI) treatment with, 272
 characteristics of, 237
 clinical trials of, 876
 clinical use of, 626–628
 differential effects by seizure type, 22
 drug and pharmacodynamic 

interactions of, 623–624, 
623t

 enzyme system enhancement by, 538
 first-line therapy through, 236, 236t,

315, 413
 formulations and dosage for, 525, 529
 lidocaine versus, 288
 mechanisms of action for, 621–622
 myoclonic-astatic epilepsy (MAE) 

treatment with, 279
 overview of, 621–628
 pharmacokinetics of, 622–623
 severe myoclonic epilepsy of infancy 

(SMEI) treatment with, 276
 status epilepticus treatment with, 468t,

471, 472
 valproate (VPA) (valproic acid) 

compared to, 691
Phenylketonuria, 389, 393
Phenytek, 531
Phenytoin (PHT)
 absorption of, 643
 administration of, 529, 640, 641t,

648t
 advantages and disadvantages of, 

647–649
 adverse effects of, 368, 451–452, 

646–647, 877
 biotransformation, pharmacokinetics, 

and interactions of, 641, 
641t, 643–645, 645f, 646

 characteristics of, 237
 chemistry of, 639
 clinical efficacy of, 639–640
 compounds related to, 648–649
 dosage concentration of, 521f
 drug-protein binding of, 643
 emzymes, impact on, 538
 first-generation antiepileptic drug 

(AED), 418
 first-line therapy through, 236, 236t,

315, 413
 formulations and compounds, 519–

522, 520t

 half-life of, 641–642, 641f, 642f
 idiopathic generalized epilepsy 

treatment contraindications 
for, 362

 introduction of, 441
 kinetics of, 640, 642–643, 645–646
 lamotrigine (LTG) versus, 421
 non-antiepileptic drugs (AEDs), 

interaction with, 541
 overview of, 639
 reference information on, 640
 severe myoclonic epilepsy of infancy 

(SMEI) treatment with, 276
 status epilepticus treatment with, 472
 sulthiame (STM) compared to, 653
Phenytoin sodium, 520t
Philosophical era, 137–138
Phosphate-containing compounds, 

imaging of, 222
Photoparoxysmal response to light 

stimulation, 197f, 362f
Photosensitivity, 16, 362, 373, 477. See

also Idiopathic photosensitive 
occipital lobe epilepsy

Physical examination, 187–188
Phytotherapy, 721
Pilocarpine model of epilepsy, 20–21
Piracetam, 373
Plasmapheresis, 754
Poliodystrophy (Alpers disease), 395
Polymicrogyria (PMG), 86–87, 92, 113, 

114, 216, 217f, 794
Polyspikes, 361f, 362
Porphyria, 390
Positron emission tomography (PET), 

223, 249, 778, 788
Positron emission tomography (PET)-

MRI fusion, 785
Postictal refractoriness, age impact on, 6
Posture, loss of, 175, 175t, 177
Potassium, 4, 8–9
Potassium channels, 31, 34–35, 36
Practice guidelines, 429, 430f, 432–434, 

435t
Prader-Willi syndrome, 392, 852
Prednisone (corticosteroid), 264t, 355, 

356t, 755
Pregabalin (PGB), 422–423, 454, 593, 

595f, 599–600, 599f, 879
Pregabalin (PGB) (Lyrica®), 526
Pregnancy, complications and seizure 

frequency during, 481–485
Prenatal brain injury, 15t
Prevalence of childhood epilepsy, 147, 

157–162, 158t–160t, 833t
Prevention of epilepsy. See

Epileptogenesis: inhibition of
Preverbal children, seizure classification 

in, 139
Primidone (PRM), 525, 538, 630–634
Primrose oil, 716
Proband with epilepsy, 130t
Progesterone, 23, 24, 478
Prognosis, theories regarding, 137
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Programmed cell death (PCD), 85
Progression movements, 230t
Propofol infusion syndrome, 472
Protein binding, 509, 509t, 536–537
Proton magnetic resonance spectroscopy 

(MRS), 222–223, 779
Provoked seizures, 185
Pseudoseizures (nonepileptic seizures). See

Seizures: nonepileptic
Psychiatric syndromes, 195
Psychic symptoms, simple partial seizures 

with, 380
Psychosis, 776
Psychosocial assessment, 779–780, 838–

839, 840
Psychotherapy, 712–713
Psychotropic agents, 540–541
Puberty, seizure disorders during, 477
Pyknolepsy. See Childhood absence 

epilepsies (CAEs)
Pyridoxine, 314t, 315, 714–715
Pyridoxine-deficient seizures, 714
Pyridoxine-dependent seizures, 3, 167, 

390, 714–715

Quality of life, 837–845, 838t, 843t
Quantitative magnetic resonance (MR) 

techniques, 214
Quisqualate, 35
Quisqualic acid, 67–68

Race-specific incidence of epilepsy, 153
Race-specific prevalence of epilepsy, 162
Radioactive glucose analogs, metabolic 

studies using, 10–11
Rage attacks (intermittent explosive 

disorder), 181
Ragged red fibers, myoclonus epilepsy 

with (MERRF), 368–369, 368t,
372, 373, 392–393, 747

Rasmussen encephalitis, 220–221, 383, 
552, 751, 754, 755, 775

Rasmussen syndrome (RS), 93–96, 94f,
95f, 206, 382, 794

Rats
 age-specific seizure models in, 23
 aging rates versus human, 3–4
 antiepileptic drugs in, 21t
 brain development in, 6, 7
 drug studies of, 13–14, 13t
 genetically epilepsy-prone, 16–17
 seizure consequences in, 19f
 seizure controlling brain structures in, 

12f, 13–14
 seizures in, 4f, 5f, 6, 7f, 9, 11, 13–14, 

17–18
Reading interventions, 870
Reading skill deficits, 869–870
Recessive cortical dysplasia-focal epilepsy 

syndrome (CDFE), 55–56
Rectal drug administration, 527–529, 527t
Rectal formulations, 519
Reelin, 82
Reflex myoclonus, 16

Regulatory molecular processes, 131
Remission from seizures
 drug withdrawal in event of, 406–407
 duration of, 408
 following relapse, 408–409
Renal calculi, 735, 746
Repetitive stimulation, 4
Reproductive abnormalities in women 

with epilepsy (WWE), 479–480
Resective neurosurgery, 798
Respiratory disorders, 168t, 169–170, 

178
Retigabine, 763–764
Rett syndrome, 393, 394–395, 746
Rhabdomyolysis, 472
Rhythmic parasomnias, 169
Ring chromosome 20 syndrome, 821
Risk factors for epilepsy, 117, 130–131, 

130t, 131b, 295, 295t. See
also Genetic predisposition to 
epilepsy

Risk factors for febrile seizures, 294–295, 
294t

Rolandic epilepsy, benign, 154–155, 157, 
157t, 206f, 335, 336, 336t,
337–340, 339f, 341f, 342f, 776

Rufinamide, 319, 764
Rumination, 172
RWJ-333369 (Carisbamate), 764–765

Sackett, David, 431
Salivation, excessive, 207
Sandhoff disease, 390
Scarring, 118
Schizencephaly (split brain), 108t, 113, 

114, 216, 217f
School performance, 839, 841, 847, 848t,

865–871
Sedation, 213
Seizure-induced damage, estrogen effect 

on, 23t
Seizures
 consequences of, 18–21, 41, 65–72, 

83, 131, 165, 220–221, 238, 
299, 410t, 411, 772

 defined, 147, 165, 185
 diagnosis of, 175
 duration of, 405
 etiology of, 131b, 165
 evaluation of, 165–167, 167t, 186–

187, 192f, 193
 factors provoking, 3, 4t, 217, 218, 

396–397, 756
 frequency of, 605f, 858f, 859
 genetics of, 133
 incidence of, 152t, 153t, 185
 metabolic diseases and, 190t
 nonepileptic, 147, 165, 181, 182t,

185, 186, 382, 771–772
 onset, age at, 405–406
 prevalence of, 147
 prevention of, 566
 recurrence risks of, 403–406, 404t
 semiology of, 133, 776–777

 sleep state at time of, 405
 stress impact on, 712
 surgery for, 802–804
 susceptibility to, 20–21, 752
 treatment following, 406
 vagus nerve stimulation therapy 

impact on, 819–823
Seizure types and classification
 algorithm for, 192f
 epidemiology of, 153
 etiologic classification, 185, 404–405
 genetics and, 130t
 ILAE classification, 102, 138
 IQ (intelligence quotient) and, 855–

856, 855t, 856f
 neonatal, 192f, 230–231, 230t, 239
 overview of, 139–140, 139t, 140t
 prevalence breakdown by, 157
 recurrence risks and, 405, 407
Selective serotonin reuptake inhibitors 

(SSRIs), 37, 393
Seletracetam, 759, 765
Self-limited epileptic seizures, 139, 140t,

323
Self-stimulating behavior, 185
Semichronic seizures, models of, 4
Sensormotor mapping, 781
Sensory signs, simple partial seizures 

with, 379
Serotonin, 728f
Serum proteins, antiepileptic drug binding 

to, 509t
Severe myoclonic epilepsy of infancy 

(SMEI), 48t, 54, 127–128, 131, 
156, 204–205, 259t, 270t, 273–
277, 275f, 745. See also Dravet 
syndrome

Sexual maturation impact on seizure 
control, 14

Sexual maturation, physiology of, 477
Shaker (fly gene), 55
Shuddering, 172
Sialidosis, 372, 373
Sialidosis type I, 368t, 371
Sialidosis type II, 368t, 371
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Sturge-Weber syndrome, 84, 92–93, 92f,

218, 219f, 223, 382, 388–389, 
772–773, 794

Subacute sclerosing panencephalitis, 391, 
746

Subcortical heterotopia, 111–112, 113f
Subcortical white matter, 96f
Subcutaneous pentylenetetrazol (sc PTZ) 
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 Lennox-Gastout syndrome (LGS), 

315, 316, 319–320
 origin of, 138, 791
 outcome of, 781–782, 798, 801–807
 overview of, 771, 791–792
 pediatric patient clinical 

characteristics, 795–797
 preoperative evaluation, 776, 777–

782, 785–786
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malformations (AVM), 220f
Tetanus toxin, 6, 20
Therapeutical trials for West syndrome 

treatment, 262t
Therapeutic index (defined), 510
Therapeutic range, differences in, 442–

443
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