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Preface

Writing a comprehensive scientific book about the cerebral palsy is a great
challenge. Many different interventions are available for persons with CP.
Increasingly, it is recognized that intervention needs to be evidence-based and
family-centered. Related therapies can offer improvement in some cases but do
not offer a cure.

Lifelong re/habilitation (habilitation and rehabilitation) in person with
cerebral palsy is the first part of this book which has four chapters about
management in children and adults with cerebral palsy through the life span,
providing support and services.

Three chapters of the second part are exploring the new therapy options which
could improve the family quality of life.

Third part has two chapters about complementary therapies with new possibilities
for the future.






Chapter 1

Management of Spasticity and Cerebral Palsy

Yasser Awaad, Tamer Rizk and Emira Svraka

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/58311

1. Introduction

Spasticity was defined by Lance as a “velocity-dependent increase in tonic stretch reflexes
(muscle tone) with exaggerated tendon jerks, resulting from hyperexcitability of the stretch
reflex” (Young RR, 1994; Francisco GE, Ivanhoe CB, 1997).

Young further added characteristics of positive and negative symptoms. Positive symptoms
consist of exaggerated cutaneous reflexes, including nociceptive and flexor withdrawal
reflexes, autonomic hyperreflexia, dystonia, and contractures. Negative symptoms include
paresis, lack of dexterity, and fatigability (Young RR, 1994).

Treatment for spasticity was documented as early as the late 19th century, when surgeons
Abbe and Bennet discussed decreasing tone in a spastic limb through sensory rhizotomies.
Later, in 1898, the scientist Sherrington published experiments in which the sensory roots of
spastic cats were severed to relieve spasticity (Abbott R, 1996).

The technique of sensory rhizotomies has been improved on and continues to be used today
as a treatment for patients with spasticity as does neuromuscular blockage, a longstanding
treatment, which has been used for over 30 years (Koman LA, Mooney JF, Smith BP, 1996).

1.1. Cerebral palsy

Cerebral palsy (CP) is a group of permanent disorders of the development of movement and
posture, causing activity limitation, that are attributed to non-progressive disturbances that
occurred in the developing foetal or infant brain. The motor disorders of cerebral palsy are
often accompanied by disturbances of sensation, perception, cognition, communication, and
behavior, by epilepsy, and by secondary musculoskeletal problems (Glinac A, Tahirovi¢ H,
Delali¢ A, 2013).
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The research Frequency of joined disabilities of children with cerebral palsy in Tuzla canton covers a
total sample of 48 examinees, chronological age from 2-19 years, in Tuzla Canton. Research
instrument was a Structural Questionnaire for the parents of children and adolescents with
cerebral palsy. Research data were processed by nonparametric statistics method. Basic
statistical parameters of frequency and percentages were calculated, and tabular presentation
was made. After classification of examinees as per frequency of joined disabilities was done,
work results have shown that speech impairment occurred with 35.4 % of children, visual
impairment 33.3 %, epilepsy 29.3 %, whereas hearing impairment occurred with 2 % of children
(Babaji¢ M, Svraka E, Avdi¢ D, 2013).

Although there are many possible causes of spasticity, this chapter will focus on children with
spasticity, most of whom have diagnoses of cerebral palsy; approximately two thirds of all
cerebral palsy patients suffer from spasticity (Albright AL, 1996).

A patient with spastic cerebral palsy presents with muscle imbalance, stands with bent knees
and legs tightly together, and in severe cases, a scissors-type gait (Frerebeau PH, et al, 1991;
Adams RD, Victor M, Ropper AH, 1997). The antigravity muscles are predominantly affected
with arms in a flexed and pronated position and legs in an extended and adducted position.
When the muscles are at rest they are flaccid to palpation and electromyographically silent.

Spasticity can be associated with cocontraction, clonus and hyperreflexia. Children with
spastic cerebral palsy generally have a typical pattern of muscle weakness, impairment in
selective motor control and sensory impairment (Mikov A, Dimitrijevi¢ L, Sekuli¢ S, Demesi-
Drljan C, Mikov I, Svraka E, KneZevié-Pogandev M, 2011).

Many children with more severe spastic CP experience communication problems due to distur-
bed neuromuscular control of speech mechanism, i. e, dysarthria, that diminish the ability of
the child to speak intelligibly. However, substantial dysarthria are most often seen in children
with severe CP and intellectual disability, while most children with mild and moderate CP
and average cognitive level of functioning have normal or near-normal expressive language
and articulation skills (Bottcher, 2010).

1.2. Etiology and epidemiology

Spasticity may result from either diffuse or localized pathology of the cerebral cortex, brain
stem, or spinal cord. Possible causes of such injuries include traumatic brain injury, stroke,
multiple sclerosis, spinal cord trauma, or disease and anoxic insults. The neurologic localiza-
tion of the lesion causing spasticity may result in different clinical manifestations. Thus, it is
important to consider whether the spasticity results from cerebral pathology, whether it is
diffuse or localized, or whether it is a result of spinal cord injury.

Diffuse cerebral injury or diseases would include anoxia, toxic, or metabolic encephalopathy,
where as localized cerebral injury would include tumor, abscess, cyst, arteriovenous malfor-
mations, hemorrhage, or trauma.
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Spinal cord injury or disease may result as an insult to descending pathways by trauma,
inflammatory or demyelinating disease, degenerative disorders, or compression such as is
caused by a tumor or cyst (Albright AL, 1996; Frerebeau PH, et al, 1991; Dimitrijevic MR, 1991).

The annual incidence of spinal cord injuries in the United States is estimated to be 30 to 40 new
cases per million individuals. About 3% to 5% of cases each year occur in children younger
than 15 years of age (Price C, Makintubee S, Herndon W, Istre GR, 1994).

The male-to-female ratio of patients is 4:1 in the general population, butin younger age groups,
the ratio is approximately 1.5:1 (Zidek K, Srinivasan R, 2003).

According to the time of insult, causes of cerebral palsy can be divided to prenatal (from
conception till beginning of delivery), perinatal (started from beginning of labor till end of
neonatal period; first 28 days of life) and postnatal (from 29" day of age until two years of age).
The majority of international studies indicates that the prevalence of cerebral palsy is about
2-2,5 cases per 1000 born, although there are some reports about lower and higher prevalence
rates. Majority of previous research in the world was focused on the prevalence, determination
of the motor abilities, and perinatal etiological factors of the cerebral palsy. Evidences indicated
that 70-80 % of cerebral palsy is caused by the prenatal factors and that the birth asphyxia has
a relatively minor role with the less than 10 % (Svraka E, 2012).

Common causes of cerebral palsy in children that may result in spasticity are prolonged second
stage labor, fetal distress, cystic degeneration of the brain, prematurity, periventricular
encephalomalacia, cortical abnormalities such as porencephaly, or congenital malformations
of gyri such as micropolygyria.

Through the last decades, marked improvement in the level of intensive care at Neonatal
Intensive Care Units (NICU) which was reflected on an increase in the survival of very low
birth-weight (VLBW) and extremely low birth-weight (ELBW) premature newborns. New risk
factors have appeared among infants who previously would have died, and the incidence of
neurodevelopmental impairments in survivors of NICU is higher than in normal birth-weight
newborns. In particular, due to the high risk of interventricular haemorrhage and periven-
tricular leukomalacia, an increasing prevalence of cerebral palsy has occurred in premature,
low birth-weight newborns and children born with asphyxia (Svraka E, 2012).

Spasticity is present in about two thirds of cerebral palsy patients, and cerebral palsy affects
anywhere from 1.5 to 2.5 per 1000 live births in the United States (Adams RD, Victor M, Ropper
AH, 1997).

The number of spastic patients continues to increase due to an increased survival rate of
premature births. Males and females are equally affected.

1.3. Pathogenesis and pathophysiology

There are many different types of spasticity. Because of this, more than one mechanism may
be responsible for the disturbance in muscle tone and the mechanisms may vary between
patients. The neuropathophysiologic processes involved in spasticity are complex and not
fully understood, but there is a widely accepted hypothesis that spasticity depends on
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hyperexcitability of spinal alpha motor neurons, which is due to the interruption of descending
modulatory influences carried by the corticospinal, vestibulospinal, and reticulospinal tracts
and other possible tracts (Filloux FM, 1996).

Ia afferent fibers provide segmental input from muscle spindles to alpha motor neuron pools.
They synapse on segmental inhibitory interneurons that then inhibit alpha motor neurons
innervating antagonist muscles in the Ia reciprocal inhibition pathway. Ib afferents inhibit
alpha motor neurons by way of the Golgi tendon organs via the Ib inhibitory interneuron in
another pathway known as nonreciprocal inhibition (Young RR, 1994; Filloux FM, 1996).

Increased excitation of these afferents does not seem to be the cause of spasticity. Instead,
evidence supports that reduced reciprocal inhibition of antagonist motor neuron pools by Ia
afferents, decreased presynaptic inhibition of Ia afferents, and decreased nonreciprocal
inhibition by Ib terminals are all possible pathophysiologic mechanisms of spasticity (Young
RR, 1994).

The pathophysiology of traumatic brain injury involves a complex combination of forces that has
been a subject of substantial debate (Drew LB. and Drew WE, 2004).

On occasion, autonomic dysreflexia may occur after an intramuscular injection, although this is
relatively rare (Selcuk B, Inanir M, Kurtaran A, Sulubulut N, Akyuz M, 2004).

In some patients, autonomic dysreflexia may occur even if the level of spinal injury is below
T6 (Blackmer J, 2003; Krassioukov AV, Furlan JC, Fehlings MG, 2003).

1.4. Diagnostic procedure

Examination should begin with the patient in a relaxed, lying position with the head up and
arms resting to the sides because it is easier to determine the extent of spasticity in this position.
The examination should include tonic stretch reflexes by manual passive stretches, elicitation
of tendon jerks and clonus in a relaxed position, and tonic and phasic stretch reflexes carried
out in a sitting position.

The manual passive stretch maneuver is used to assess resistance at different rates. A joint is
passively moved while the muscles corresponding to that joint are lengthened and shortened.
In cases of mild spasticity, the muscles will only resist when stretched at a high rate, whereas
in cases of moderate spasticity, resistance is noticed at a slower rate and the clasp-knife
phenomenon may be exhibited. Movement of the muscle may be difficult to impossible in cases
of severe spasticity (Dimitrijevic MR, 1991).

Tendon jerks are easier to elicit in spastic patients than in patients with normal muscle tone,
and reflex responses can be achieved in muscles without well-defined tendons. Percussion of
the tendon reveals hyperactive tendon jerks, especially for the Achilles, patellar, biceps, and
triceps tendons (Zidar J, Dimitrijevic MR, 1991).

Measurement of resistance to passive stretch, reduction in the tonic vibration reflex, and
reduction of the plantar withdrawal reflex should also be evaluated. Motoneuronal overac-
tivity should also be evaluated because any input to motoneurons produces excessive and
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prolonged activity that can be observed in the contractions of many limb muscles (Zidar J,
Dimitrijevic MR, 1991).

The amount of function the patient derives from spasticity can be evaluated by having the
patient obtain and maintain standing and seated positions. To determine the degree to which
the hamstring tone is affecting the alignment of the pelvis and knees, have the child sit with
feet straight in front. The patient can sit in a chair to allow the examiner to assess trunk control.
The side sit position exhibits a patient’s ability to maintain control in an asymmetric position
(Abbot R, 1991).

Modified Ashworth Scale (MAS) has been used as a diagnostic test for spasticity. Testing can be
done to establish the presence of any lesion or brain or spinal cord injury. The muscle tone is
graded according to the Modified Ashworth scale (MAS), a scale ranging from 1 to 5, in which
resistance to the passive muscle stretch is measured at various velocities; MAS: 0 = No increase
in muscle tone, 1 = Slight increase in the muscle tone, manifested by catch and release or
minimal resistance at the end of the range of motion, 2 = more marked increase in the muscle
tone through most of the range of motion, but affected parts are easily moved, 3 = considerable
increase in the muscle tone, and passive movements are difficult, 4 = affected parts are rigid
in flexion or extension (Albright AL, 1996).

MRI of the brain can be performed to rule out periventricular leukomalacia.

On EMG, the jerks show greater amplitudes than are normal and are followed by after-
discharge of the motor units that is often slightly longer lasting than normal. The size of tendon
jerks can be measured by either EMG response or by recordings of mechanical events.

H-reflex studies are electrically elicited tendon jerks and are restricted mostly to the soleus and
flexor carpi radialis muscles in normal adults. In cases of upper motor neuron lesions, the H-
reflex may be elicited in muscles where it is not normally seen, such as the intrinsic hand
muscles, tibialis anterior, or peroneal muscles (Zidar J, Dimitrijevic MR, 1991).

A baseline EEG to establish underlying seizure activity can also be done as well as basic lab
studies. Neurophysiological studies, such as the H-reflex study, may be performed in patients
with neurodegenerative disease; an enzymatic assay should also be performed.

Video cameras are often helpful during evaluation as the patient’s movements can be recorded
and compared against movements during and after treatment.

Test Use
Basic lab studies Metabolic derangement
Enzymatic assay Neurodegenerative disease

EEG Underlying seizure activity

NCS Neurodegenerative disease (Leukodystrophies)
MRI of the brain Periventricular leukomalacia

Table 1. Useful Tests for Diagnosis
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1.5. Differential diagnosis

Spasticity can be confused with rigidity when a patient is being evaluated. Stretching can
distinguish rigidity from spasticity. Rigidity will relax through repeated stretching of a muscle,
whereas a spastic muscle will continue to increase in resistance as the velocity of the stretch is
increased (Young RR, 1994; Dimitrijevic MR, 1991).

1.6. Quality of life

In families who have children with CP the “constant attendance” of the disease is present,
through strict consistent long-term care of family and many other factors, such as services,
support and physical aspects of the environment, which all can lead to deterioration of the
patient’s quality of life (Glinac A, Tahirovi¢ H, Delali¢ A, 2013).

The study Family quality of life: adult school children with intellectual disabilities in Bosnia and
Herzegovina, provides initial data for family quality of life in Bosnia and Herzegovina (B&H).
It also provides suggestions for improving quality of life for families that have one or more
members with intellectual disability (ID). The principle measure used was the Family Quality
of Life Survey 2006 — main caregivers of people with intellectual or developmental disabilities. The
sample consisted of the main caregivers in 35 families that have adult children 18 years and
over with ID who attended classes in a specially adapted programme in the Centre for children
with ID, autism and cerebral palsy (n = 16), and in the Vocational Secondary School, B&H (n
= 19). Regarding diagnosis as reported by main caregivers, 15 sons or daughters had ID of
unknown aetiology, eight had cerebral palsy, four had Down syndrome, four had epilepsy
and another three had epilepsy as a co-morbidity, two had autism and two had Prader-Willi
syndrome. One had a dual diagnosis, ID and mental illness. When asked to rate overall family
quality of life, three said ‘excellent’, eight said ‘very good’, 16 said ‘good’, seven said ‘fair’ and
one said “poor’. Furthermore, when asked to rate their overall satisfaction with their family
quality of life, two said ‘very satisfied’, 19 said ‘satisfied’ and 13 said ‘neither satisfied nor
dissatisfied” (évraka E, Loga S, Brown I, 2011).

Spasticity results in limited functional capacity and increased inactivity. The sequelae of this
inactivity may include decubiti, cardiovascular problems, thrombophlebitis, respiratory
infections, fixed contractures, osteoporosis, bladder and bowel problems, and social isolation.
Ultimately, these consequences of inactivity may lead to a further decrease in strength and
function (Francisco GE, Ivanhoe CB, 1997).

The patient’s quality of life may be compromised as spasticity has negative impacts on mobility,
hygiene, self care, sleeping patterns, self esteem, mood, and sexual function.

It is important to evaluate the advantages and disadvantages that the patient gains from their
spasticity so that treatment strategies and goals can be identified. Disadvantages may include
interference with activities of daily living, inhibition of good sleep, contractures, dislocations,
skin breakdown, bowl and bladder dysfunction, impairment of respiratory function, pain with
stretching, and the masking of the return of voluntary movement. However, patients may rely
on a certain amount of spasticity to function and the advantages they may receive include
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maintaining muscle tone, supporting circulatory function, assisting in activities of daily living,
and preventing the formation of deep vein thrombosis.

2. Case study of two children with CP

2.1. Patient A

Patient A was a 5-year-old African-American boy with a history of developmental delay and
a diagnosis of cerebral palsy of the spastic-diplegic type. He first presented at 18 months with
severe spasticity in both lower extremities. Prior to treatment with botulinum toxin, the patient
walked on tip toes and had hip and knee flexion. There was some scissoring of his legs. On
examination, exaggerated deep tendon reflexes were elicited, as were sustained clonus and
bilateral Babinski sign. MRI of the brain showed findings that may be secondary to previous
hypoxic injury, compatible with cerebral palsy.

Prior treatments included physical therapy, bilateral ankle-foot orthosis, serial casting, and oral
baclofen. This boy with spastic-diplegic cerebral palsy walked on tip toes until treatment with
botulinum toxin injections.

Following botulinum toxin injection, at the age of 18 months, the patient’s gait has improved;
he is flat-footed and presently wears bilateral ankle-foot orthosis. His hygiene and positioning
have also improved and he returns every 6 months to 9 months for reinjection.

Results of the study Use of Botulinum toxin type a in children with Spastic Cerebral Palsy, support
the idea that younger children may receive more benefit from multilevel botulinum toxin type
A injections, intensivephysiotherapy and appropriate orthotic management compared to older
children. Younger children might have been able to maintain the functional gains because the
motor pattern of very young children provides greater scope for better development and
recovery. A younger child has greater potential than older child for increasing the plasticity
of the central nervous system. Botulinum toxin type A injections should always be used as an
adjunctive treatment to physiotherapy, occupational therapy and orthotic management. In
combination with post-injection physiotherapy this treatment could provide long-term
benefits (Mikov A, Dimitrijevi¢ L, Sekuli¢ S, Demesi-Drljan C, Mikov I, Svraka E, KneZevié-
Pogancev M, 2011).

2.2. Patient B

Patient B was a 7-year-old African-American boy with a history of cerebral palsy of the spastic-
diplegic type. On primary examination he presented with tightness of both hamstrings and
heel cords with the right more involved than the left. The patient had good toe standing,
especially on the right side and good sitting balance with a kyphotic sacral-type sitting due to
the tight hamstring. He uses a walker to ambulate and walks on tip toes. The EEG was
abnormal, indicating the presence of epileptiform activity from the left central parietal head
region and diffuse background disorganization, which indicates underlying neuronal dys-
function.
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Treatments before intrathecal baclofen pump implantation included bilateral ankle-foot orthoses,
tendon releases, alcohol block, and botulinum toxin injections. Before treatment with intra-
thecal baclofen the patient was dependent on a care giver and used a walker to ambulate. With
the intrathecal baclofen pump the patient has gained function, does not use a walker to
ambulate, and performs activities of daily living independently. With the intrathecal baclofen
pump the patient has gained function, does not use a walker to ambulate, and successfully
performs activities of daily living.

3. Spasticity management

Traditional treatments for spasticity include physical therapy, occupational therapy and
rehabilitation treatments which complete a number of crucial tasks and specific goals in the
treatment of patient with CP, this will promote their sensorimotor development, improve their
overall posture and position and enhance their control of movements in all their daily activities:
a lot of physical therapy approaches were based on different theoretical principles though the
main target is the management of abnormal muscle tone and improving the range of motion
through neurodevelopment therapy, conductive education, constraint induced movement
therapy, etc.

There are other modalities including electrical stimulation and cold temperature (Chiara T,
Carlos J Jr, Martin D, Miller R, Nadeau S, 1998; Pease WS, 1998; Scheker LR, Chesher SP,
Ramirez S, 1999; Kinnman J, Andersson T, Andersson G, 2000).

Occupational therapy is a client-centered health profession concerned with promoting health
and well being through occupation. Possible problems in children with cerebral palsy are
motor, sensor, cognitive, intrapersonal, interpersonal, problems of self care, productivity and
leisure.

Occupational therapy, in which the patient is stretched anywhere from once daily to several
times per day, but this has only a limited effect on the patient’s spasticity. Rehabilitation
treatment options include casting, orthotics or splints, strengthening, electrical stimulation,
practice of functional tasks, sensory integration; muscle stretching, and targeted muscle
training (Fetters L, Kluzik J, 1996).

Within the scope of pediatric neurorehabilitation, distinct diseases can produce specific
complications. These complications; however, can also occur in association with many
disorders. For example, spasticity from injury to the upper motor neuron unit can develop in
many neurologic disorders in children. Several of these complications, such as autonomic
dysreflexia, deep vein thrombosis, and heterotropic ossification, can be severe and potentially
life-threatening (Umphred D, Dewane ], Hall-Thompson M, et al, 2001; Dobkins, BH, 2003;
DelLisa JA, Gans BM, Walsh NE, Bockneck WL, Frontera WR, 2004).
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3.1. Oral medications

Oral medications can be used to decrease spasticity; however, many have unwanted side
effects such as drowsiness, sedation, confusion, and fatigue. Benzodiazepines, such as
diazepam, are rarely used because of their strong sedating effects. They result in enhanced
presynaptic inhibition, but because they are presumed to enhance the postsynaptic effects of
GABA, they can only work if the GABA-mediated process functions. Benzodiazepines have a
long half-life and an active metabolite. Benzodiazepine therapy is indicated in spinal cord
injury and multiple sclerosis with possible application in traumatic brain injury, cerebral palsy,
and cerebrovascular accident. Clinical effects include sedation and reduced anxiety, decreased
resistance to passive range of motion, decreased hyperreflexia, and reduction in painful
spasms. Side effects of all benzodiazepines include sedation, weakness, hypotension, gastro-
intestinal symptoms, memory impairment, incoordination, confusion, depression, and ataxia.
Also, benzodiazepines are controlled substances with the potential for dependency. Diazepam
is the most widely used benzodiazepine for spasticity management. The recommended initial
dose is 2 mg 3 times daily with a maximum dose of 60 mg daily (20 mg 3 times daily). If
nocturnal spasticity is the presenting problem the patient should be started with a single dose
at night.

Like benzodiazepines, baclofen works centrally. Baclofen binds with GABA-B receptors on
brain and spinal membranes, restricting calcium influx into presynaptic nerve terminals,
thereby reducing spasticity [4]. The use of baclofen is indicated when spasticity is of spinal
origin. The clinical effects include decreased resistance to passive range of motion, decrease in
hyperreflexia, and reduction in painful spasms and clonus.

Unlike benzodiazepines and baclofen, dantrolene sodium works peripherally at the level of
the muscle fiber. It has no effect on neuromuscular transmission, but works by acting directly
on the skeletal muscle, hindering the release of calcium from the sarcoplasmic reticulum,
thereby preventing the excitation-contraction coupling mechanism. This affects both intrafusal
and extrafusal fibers by decreasing the force of muscle contraction. However, this mechanism
isnot selective for muscles with increased tone, and the resulting generalized muscle weakness
may weaken respiratory muscles. The use of dantrolene sodium is indicated in treating
spasticity secondary to cerebrovascular accident, cerebral palsy, and has possible applications
for traumatic brain injury, spinal cord injury, and multiple sclerosis. Clinical effects of
dantrolene sodium include decreased resistance to passive range of motion, decrease in
hyperreflexia and tone, and reduction in spasms and clonus.

Another group of oral medications used in spasticity management includes clonidine and
tizanidine, which are alpha 2 noradrenergic receptor agonists that release excitatory neuro-
transmitters and inhibit supraspinal facilitatory pathways (Young RR, 1994; Francisco GE,
Ivanhoe CB, 1997).

Tizanidine is a new oral antispasticity agent that is selective in decreasing tone and spasm
frequency in only spastic muscles, eliminating the unwanted side effect of generalized muscle
weakness. Tizanidine is reported to have reduced symptoms of spasticity in patients with
multiple sclerosis or spinal cord injury and is well tolerated in most patients. It is an imida-

I
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zoline derivative similar to clonidine but without the cardiovascular effects when appropri-
ately titrated. Tizanidine results in a direct reduction of excitatory amino acid release from
spinal interneurons and inhibits facilitatory caerulospinal pathways. Its peak effect occurs 1
to 2 hours following administration and its half-life is 2.5 hours. The clinical effects of tizanidine
include reduced muscle tone, spasm frequency, and hyperreflexia. Animal studies with
tizanidine demonstrate antinociceptive activity under specific conditions with increased dose
titration (McCarthy RJ, Kroin JS, Lubenow TR, Penn RD, Ivankovich AD, 1990).

As with other antispasticity medications, the potential side effects of tizanidine are dose related
and may be mitigated by dosage titration. The potential side effects include drowsiness, dry
mouth, and dizziness. Literature suggests that tizanidine may be better tolerated than other
antispasticity agents as measured by the global tolerance rating scale (Lataste X, Emre M, Davis
C, Groves L, 1994).

In placebo-controlled studies, tizanidine has been shown to be effective in multiple sclerosis
and spinal cord injury. It is also useful for spasticity of spinal pathology when weakness is of
concern. Tizanidine may also prove effective in managing spasticity of cerebral origin (Medici
M, Pebet M, Ciblis D, 1989).

Secondary oral and systemic agents include tiagabine, cyproheptadine, clonidine, lamotrigine,
gabapentin and carbidopa-levodopa (Gracies JM, Nance P, Elovic E, et al, 1997).

Multiple medications have been recommended, of which the most recent addition is gaba-
pentin (Zidek K, Srinivasan R, 2003).

The use of antihypertensive pharmacologic agents in treating spasticity is unclear because
randomized trials have not been performed. Nifedipine has been used in a bit-and-swallow
technique; more recently, captopril also has been found to be of benefit (Esmail Z, Shalansky
KF, Sunderji R, Anton H, Chambers K, Fish W, 2002).

3.2. Chemo-denervation

Chemo-denervation such as using botulinum toxin type A, has proved easier, more effective,
and less painful for patients. First clinically introduced in the United States in the early 1980s,
botulinum toxin is a potent neurotoxin derived from the anaerobic bacteria Clostridium
botulinum, but when used in treatment, no serious systemic toxin effects have been reported
(Francisco GE, Ivanhoe CB, 1997).

The medication is more costly than alcohol or phenol but the cost is offset by less physician
time and the lack of anesthesia. The formation of antibodies has been a concern, but this can
be prevented by allowing 2 months to 3 months between injections. Botulinum toxin works
by acting in the neuromuscular junction, preventing the release of acetylcholine, which results
in functional denervation. It can be given without EMG and anesthesia, does not cause
dysesthesias, and is no more painful than an injection of saline solution. Effects are local and
last 3 months to 4 months, or longer. It is contraindicated during pregnancy, lactation, in
individuals with neuromuscular disorders (such as myasthenia gravis), in patients taking
aminoglycosides, or in those who have a known allergy to the drug. Adverse effects are not
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common and are usually associated with the site of injection, such as bleeding, bruising, and
soreness or redness at the injection site, or diffusion to nearby muscle groups. In patients that
do not respond to botulinum toxin, possible reasons should be considered before labeling the
patient as unresponsive. Reasons could be related to injection technique, improper toxin
storage, or the patient’s individual characteristics. Overall, botulinum toxin has proven
clinically to be effective, safe, and less painful than other invasive therapies (Francisco GE,
Ivanhoe CB, 1997; Keam SJ, Muir V], Deeks ED, 2011).

Botulinum toxin is available in serotypes A and B, which have different unit potencies, side-
effect profiles, and dilution schedules. Both have been used in children with cerebral palsy,
although serotype A has been used more extensively. Dosing guidelines have been suggested
for botulinum toxin A for adult and pediatric patients. Adult recommendations are available
for botulinum toxin B, but studies are ongoing for pediatric patients (Tilton AH, 2003; Schwerin
A, Berweck S, Fietzek UM, Heinen F, 2004; Sanger TD, Kukke SN, Sherman-Levine S, 2007).

Some results suggest that botulinum toxin type A can be effective in reducing muscle tone
over a longer period, but not in preventing development of contractures in spastic muscles.
Mechanical and functional alterations can arise from the muscle tissue itself even though the
nervous system is the site of the primary lesion. The gross mechanical changes occur in skeletal
muscle secondary to spasticity and during development of contracture. Muscle stiffness can
change for a variety of structural reasons, only one of which is altered fiber length. There is
currently no evidence in the literature that muscle fiber length is shortened in contracture or
in spastic skeletal muscle. Contracture formation results from inappropriate architectural
adaptation of extremity muscles in response to upper motor neuron lesion (Mikov A, Dimi-
trijevi¢ L, Sekuli¢ S, Demesi-Drljan C, Mikov I, Svraka E, Knezevi¢-Pogancev M, 2011).

Several studies have reported the successful use of botulinum toxin A for the treatment of
drooling in children with cerebral palsy, using injection into the submandibular or parotid
glands alone or in combination with other agents. In some studies, the beneficial effects have
lasted for up to 4 months without serious side effects or disturbances of oral function (Jongerius
PH, van den Hoogen F, van Limbeek ], Gabreels FJ, van Hulst K, Rotteveel JJ, 2004; Bothwell
JE, Clarke K, Dooley JM, et al, 2002; Suskind DL, Tilton A, 2002).

Other treatments include chemical neurolysis, in which the nerve conduction is impaired
through the use of chemical agents and therapeutic nerve block using phenol or alcohol. The
goals of these treatments are to prevent muscle contractures and improve the patient’s
function. A common side effect is that after the nerve is injected, alcohol levels measure above
the legal limit in children. Other side effects include damage to sensory and motor nerves, pain
at injection site, scarring, and dysesthesias. To ensure the correct site, injection must be made
using an electrical stimulator (Albright AL, 1996; Francisco GE, Ivanhoe CB, 1997).

3.3. Neurosurgical approaches

Another treatment used alleviate spasticity in children with cerebral palsy is rhizotomy. Studies
have shown that performing selective dorsal rhizotomy at a young age can reduce the need
for orthopedic surgery (Chicoine MR, Park TS, Kaufman BA, 1997).

13



14 Cerebral Palsy - Challenges for the Future

Goals of rhizotomy are decreased tone, increased mobility, and the facilitation of care for the
patient, however, the reduction in spasticity cannot be predicted and sometimes results in
excessive hypotonia (Im D, McDonald CM, 1997).

The procedure is very meticulous, requiring general anesthesia and a neurophysiologist who
must be present to identify which nerve is to be severed.

Other neurosurgical approaches include peripheral neurectomy, myelotomy, and dorsal column
electrical stimulation.

It has been established that oral baclofen does not cross the blood-brain barrier effectively and
that higher doses of the medication result in serious side effects (Francisco GE, Ivanhoe CB,
1997).

Intrathecal baclofen results in a greater decrease in spasticity by allowing higher concentra-
tions of baclofen in the cerebrospinal fluid at about 1% the daily oral dosage (Im D, McDonald
CM, 1997).

To be considered for intrathecal baclofen pump placement, the patient must have severe lower
limb spasticity that does not respond to other less-invasive treatments. The patient must first
be given a trial of 50 ug baclofen through a lumbar puncture or spinal catheter. If unresponsive,
75 ug can be tried after 24 hours and a third trial of 100 pg can be tried 24 hours after that, after
which if the patient is still unresponsive he or she must be excluded from the treatment
(Francisco GE, Ivanhoe CB, 1997).

Implantation lasts 1 to 2 hours and the pump is easy to refill subcutaneously. It is programmed
by a computer-controlled radiotelemetry programmer that is linked to the pump’s internal
computer and that selects the rate and pattern of baclofen administration. Complications to
intrathecal baclofen include hypersensitivity to baclofen, intolerance to the side effects of
baclofen including drug tolerance, cerebrospinal fluid leakage, pump pocket seroma, hema-
toma, infection, and soft tissue erosion. The objective of intrathecal baclofen is to individualize
the patient’s dose and infusion so that the lowest dose that yields the greatest response can be
achieved (Young RR, 1994; Francisco GE, Ivanhoe CB, 1997).

In comparison, intrathecal baclofen has less complications and side effects than other treat-
ments and more generalized results in both cerebral and spinal spasticity, making intrathecal
baclofen the most effective current tool for the treatment of spasticity in non-ambulant
individuals. A recent systematic review showed that there was no evidence to support the
clinical use of intrathecal baclofen in ambulant individuals with hypertonicity without further
rigorous longitudinal studies (Pin TW, McCartney L, Lewis ], Waugh MC, 2011).

As a precaution, families are prescribed diazepam or diazepam rectal as well as oral baclofen
to have at home. If there is evidence of withdrawal, one of these medications is administered,
and the patient is instructed to go immediately to the emergency department. Although
aggressive use of benzodiazepines and oral baclofen may be helpful, recognition and return
to appropriate intrathecal baclofen dosage is essential for rapid recovery (Alden TD, Lytle RA,
Park TS, Notzel MJ, Ojemann ]G, 2002).
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3.4. Orthopedic procedures

Orthopedic procedures are the most frequently performed operations for spasticity. The targets
of these operations are muscles, tendons, or bones. Muscles may be denervated and tendons
and muscles may be released, lengthened, or transferred. The goals of surgery may include
reducing spasticity, increasing range of motion, improving access for hygiene, improving the
ability to tolerate braces, or reducing pain. Orthopedic problems that may result from a spastic
limb include cubital or carpal tunnel syndrome, spontaneous fracture, dislocation of the hip
or knee, and heterotopic ossification.

The most common orthopedic procedure for the treatment of spasticity is a contracture release.
In this procedure, the tendon of a muscle that has a contracture is partially or completely cut.
The joint is then positioned at a more normal angle, and a cast is applied. Regrowth of the
tendon to a new length occurs over several weeks. Serial casting may be used to gradually
extend the joint. Following cast removal, physical therapy is used to strengthen the muscles
and improve range of motion.

Spastic muscles in the shoulder, elbow, forearm, hands, and legs may all be treated with tendon
or muscle lengthening. Spasticity in the shoulder muscles may cause abduction or adduction
and internal rotation of the shoulder. Abduction results in difficulties with balance, which then
affects walking and transferring, and adduction causes problems when reaching for an object
or with hygiene and personal care. An operation known as a slide procedure may be used to
lengthen the supraspinatus muscle in an abducted spastic shoulder. With adducted shoulders,
the surgeon can perform a release of all 4 muscles that typically cause this deformity.

In an operation known as a tendon transfer, the orthopedic surgeon moves a tendon from the
spot at which it attaches to the spastic muscle. With the tendon transferred to a different site,
the muscle can no longer pull the joint into a deformed position. In some situations, the transfer
allows improved function. In others, the joint retains passive but not active function. Ankle-
balancing procedures are among the most effective interventions.

The goal of surgical-orthopedic treatment which is basically symptomatic improve or facilitate
the movement to solve the functional or fixed contractures preventing further rehabilitation,
to solve the deformation that reduces or prevents movement, sitting, causing pain as in the
cases of hip luxation, or threaten respiration as in cases of severe scoliosis. Subluxation and
dislocations of the hip in children with CP are most common in children and adolescents who
do not walk. We must bear in mind the saying that every child and adolescent with CP has a
hip disorder until proven otherwise. The occurrence of dislocation of the hips makes furniture,
hygiene and often causes pain. Requires regular radiological controls hips once or twice a year
in the course of growth, to hip dislocation discovered at an early stage. Subluxation and
luxation of the hips treated surgically. The decision about surgery should bring those involved
in the treatment of patients, carefully weighing hopper performs coarse benefits and harms of
surgery. Surgery is necessary to balance the muscle forces around the hip and normalize
abnormal anatomic relationships (Papi¢ T, émigovec I, Kovaé-Dapi¢ N, Polovina S, 2012).

Osteotomy and arthrodesis involves operations on the bones and are usually accompanied by
operations to lengthen or split tendons to allow for fuller correction of the joint deformity.

15
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Osteotomy can be used to correct a deformity that cannot be fixed with other procedures. In
an osteotomy, a small wedge is removed from a bone to allow it to be repositioned or reshaped.
A cast is applied while the bone heals in a more natural position. Osteotomy procedures are
most commonly used to correct hip displacements and foot deformities. Arthrodesis is a fusing
together of bones that normally move independently. This fusion limits the ability of a spastic
muscle to pull the joint into an abnormal position. Arthrodesis procedures are performed most
often on the bones in the ankle and foot. In triple arthrodesis, the 3 joints of the foot are exposed,
the cartilage is removed, and screws are inserted into the bones, fixing the joints into position.
With a short walking cast in place for 6 weeks or until the bones have fully healed, the patient
may bear weight immediately after the operation (http://wemove.org/spa/spa_oss.html 2007).

The risks of developing a structural spinal deformity ranges from 24% to 36% for scoliosis and
is 50% for lordosis for an average of 4 to 11 years after selective dorsal rhizotomy ( Turi M,
Kalen V, 2000; Johnson M, Goldstein L, Thomas SS, Piatt J, Aiona M, Sussman M, 2004).

Other principals include single event, multilevel surgery; surgery is delayed as long as possible
(more than 6 years). Spasticity management is used as an adjunct to surgical intervention (Boyd
R, Graham ], Nattras G, Graham K, 1999).

3.5. New treatments in spasticity management

Acupuncture and homeopathic approaches (Guo Z, Zhou M, Chen X, Wang R, 1997), herbs
and hyperbaric oxygen [41-45], constraint induced training [46, 47], the Adeli suit [48],
conductive education, craniosacral, and manipulation and patterning.

Context therapy is a new intervention approach that focuses on changing the task and the
environment rather than children’s impairments. It can be a viable treatment to achieve parent-
identified functional goals for children with cerebral palsy (Darrah ], Law MC, Pollock N, et
al, 2011).

A summary of management in spasticity is provided in Table 2.

Therapeutic intervention Mechanisms Major points

Nonpharmacologic treatments

Physical therapy Neurodevelopmental therapy (NDT) Different techniques are tailored depending on
Occupational therapy Constraint-induced movement therapy (CIMT)  the individual goals
Neurophysiologically based therapy/ Vojta Training of both manual and fine motor skills of
Manual medicine the paretic side through activity limitation of the
Training of the muscular strength healthy side
Treadmill therapy Reflex locomotion to encourage motor
Conductive education development through repetitive triggering reflex

Hand-arm bimanual intensive therapy (HABIT)  creeping and reflex turning

Sensory integration therapy/Ayres Encouraging motor learning through active and
passive mobilization, soft tissue release and
manipulations
Encouraging locomotion and posture through

specific training of certain muscle groups
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Therapeutic intervention

Mechanisms

Major points

Gait training through walking on treadmill, with
body weight support

Systematic, intensive training of small learning
steps in the motor, linguistic and cognitive
domains

Motivation for bimanual activity of the paretic
and nonparetic side with specified tasks
Everyday tasks training for coordination and

sensory information enhancement

Splints, strengthening, electrical stimulation,
practice of functional tasks, muscle stretching,

and targeted muscle training

Mainstays and cornerstones in spasticity
management; complications, such as autonomic
dysreflexia, deep vein thrombosis, and
heterotropic ossification, can be severe and

potentially life-threatening

Casting and orthosis

Extend joint range diminished by hypertonicity;

reduce an abnormal pattern by positioning

Temporary effect

Selective posterior rhizotomy

Balancing spinal cord-mediated facilitatory and

inhibitory control

Permanent effect; sometimes results in excessive

hypotonia

Orthopedic surgery

Corrects deformity induced by muscle

In moderate to severe spasticity, permanent

overactivity involving muscles, tendons, or bones effect

Pharmacological treatments, oral medications

Benzodiazepine

Increases the affinity of GABA for GABA-A
receptors; inhibitory effect at both the spinal

cord and supraspinal levels

Short-term treatment; strong sedating effects

Dantrolene sodium

Inhibits release of calcium from sarcoplasmic
reticulum in muscle; works peripherally at the

muscle fibers

Serious side effects; hepatotoxicity in 1%

patients, respiratory muscle weakness

Baclofen

GABA agonist; binds at the GABA-B receptor;
restricts calcium influx into presynaptic nerve

terminals in the spinal cord

Rapidly absorbed after oral administration; levels

in the CSF are low because of low lipid solubility

Tizanidine

Centrally acting alpha-2 noradrenergic agonist;

Drowsiness, dry mouth, and dizziness; monitor

inhibits release of excitatory neurotransmitters inliver function

the spinal cord and supraspinally

Pharmacological treatments, chemodenervation

Alcohol/Phenol block

Nonselective proteolytic agents; selective

Damage to sensory and motor nerves, painful

denervation when injecting into motor nerves or dysesthesias

muscles

Botulinum toxin injection

High affinity and specificity to the presynaptic

membranes of cholinergic motor neurons

Recommended as effective treatment; no

sensory disturbance

Pharmacological treatments, other

Intrathecal baclofen pump

Using a programmable implanted pump,

baclofen can be delivered intrathecally

Severe, generalized spasticity; less complications
and side effects

Table 2. Management in Spasticity
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Pregnancy

The patient with spasticity may expect to have a difficult pregnancy and delivery as well as
difficulty managing and caring for an infant.

Anesthesia

Not applicable.

4. Conclusion

To prevent cerebral palsy in infants and, thus, the resulting spasticity, it is important that
mothers receive prenatal care during pregnancy, that measures are taken to avoid premature
labor, and that special consideration is given to pregnancies involving multiple gestations.

Early detection and treatment of neurodegenerative diseases may prevent the development of
spasticity as well as detect the underlying diseases that could result in brain injury. If children
have conditions that make them susceptible to brain or spinal cord injury or both, safety
measures should be taken (i.e., helmets for patients who have frequent seizures).

The goals of and benefits to the patient are important when considering the path of treatment.
In some cases, function will not return, but treatment can result in pain reduction and allow
easier management of patient care. Common goals are to decrease pain, prevent or decrease
contractures, improve ambulation, facilitate activities of daily living, facilitate rehabilitation
participation, save caregiver’s time, improve the ease of care, and increase safety. Appropriate
management choices are based on therapeutic objectives. Physical and occupational therapists
can play a key role in identifying these objectives. Treatments with the fewest side effects are
usually given priority. Both the patient’s and the caregiver’s goals must be considered.

Rehabilitation multidisciplinary team could be good connection with Management. There are
different approaches in rehabilitation treatment of persons with cerebral palsy, especially
children and adolescents. The treatment of children with spastic cerebral palsy is a combination
of intensive sensorimotor stimuli, physical therapy, occupational therapy, Vojta therapy,
orthopedic procedures and/or botulinum toxin applications. It is child/family-centered
management.

The ICF can guide management but does not give sufficient detail of the “hows and whys of
the child activities to enable a specific treatment plan.

5. Summary

Spasticity may result from either diffuse or localized pathology of the cerebral cortex, brain
stem, or spinal cord. Possible causes of such injuries include traumatic brain injury, stroke,
multiple sclerosis, spinal cord trauma, or disease and anoxic insults. The neurologic localiza-
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tion of the lesion causing spasticity may result in different clinical manifestations. Thus, it is
important to consider whether the spasticity results from cerebral pathology, whether it is
diffuse or localized, or whether it is a result of spinal cord injury.

Cerebral palsy (CP) is a group of permanent disorders of the development of movement and
posture, causing activity limitation, that are attributed to non-progressive disturbances that
occurred in the developing foetal or infant brain. The motor disorders of cerebral palsy are
often accompanied by disturbances of sensation, perception, cognition, communication, and
behavior, by epilepsy, and by secondary musculoskeletal problems

Spasticity can be associated with cocontraction, clonus and hyperreflexia. Children with
spastic cerebral palsy generally have a typical pattern of muscle weakness, impairment in
selective motor control and sensory impairment.

It is important to evaluate the advantages and disadvantages that the patient gains from their
spasticity so that treatment strategies and goals can be identified. Disadvantages may include
interference with activities of daily living, inhibition of good sleep, contractures, dislocations,
skin breakdown, bowl and bladder dysfunction, impairment of respiratory function, pain with
stretching, and the masking of the return of voluntary movement.

There are many different types of spasticity. Because of this, more than one mechanism may
be responsible for the disturbance in muscle tone and the mechanisms may vary between
patients. The neuropathophysiologic processes involved in spasticity are complex and not
fully understood, but there is a widely accepted hypothesis that spasticity depends on
hyperexcitability of spinal alpha motor neurons, which is due to the interruption of descending
modulatory influences carried by the corticospinal, vestibulospinal, and reticulospinal tracts
and other possible tracts.

Traditional treatments for spasticity include physical therapy, occupational therapy and
rehabilitation treatments which complete a number of crucial tasks and specific goals in the
treatment of patient with CP, this will promote their sensorimotor development, improve their
overall posture and position and enhance their control of movements in all their daily activities:
a lot of physical therapy approaches were based on different theoretical principles though the
main target is the management of abnormal muscle tone and improving the range of motion
through neurodevelopment therapy, conductive education, constraint induced movement
therapy, etc.

Oral medications can be used to decrease spasticity; however, many have unwanted side
effects such as drowsiness, sedation, confusion, and fatigue. Benzodiazepines, such as
diazepam, are rarely used because of their strong sedating effects. They result in enhanced
presynaptic inhibition, but because they are presumed to enhance the postsynaptic effects of
GABA, they can only work if the GABA-mediated process functions.

Chemo-denervation such as using botulinum toxin type A, has proved easier, more effective,
and less painful for patients. First clinically introduced in the United States in the early 1980s,
botulinum toxin is a potent neurotoxin derived from the anaerobic bacteria Clostridium
botulinum, but when used in treatment, no serious systemic toxin effects have been reported.

19



20 Cerebral Palsy - Challenges for the Future

Another treatment used alleviate spasticity in children with cerebral palsy is rhizotormy. Studies
have shown that performing selective dorsal rhizotomy at a young age can reduce the need
for orthopedic surgery. Goals of rhizotomy are decreased tone, increased mobility, and the
facilitation of care for the patient, however, the reduction in spasticity cannot be predicted and
sometimes results in excessive hypotonia.

Other neurosurgical approaches include peripheral neurectomy, myelotomy, and dorsal column
electrical stimulation.

Orthopedic procedures are the most frequently performed operations for spasticity. The targets
of these operations are muscles, tendons, or bones. Muscles may be denervated and tendons
and muscles may be released, lengthened, or transferred. The goals of surgery may include
reducing spasticity, increasing range of motion, improving access for hygiene, improving the
ability to tolerate braces, or reducing pain. Orthopedic problems that may result from a spastic
limb include cubital or carpal tunnel syndrome, spontaneous fracture, dislocation of the hip
or knee, and heterotopic ossification.

Abbreviations

EEG: electroencephalogram

EMG: electromyography

MRI: Magnetic Resonance Imaging

ICD codes

ICD-9:

Abnormal involuntary movements: 781.0
ICD-10:

Other and unspecified abnormal involuntary movements: R25.8
Associated disorders
Adrenoleukodystrophy

Anoxia

Cerebral palsy

Multiple sclerosis

Neurodegenerative disease

Spinal cord injury

Stroke

Traumatic brain injury



Major keyword descriptors
bent knees

gait disturbances

muscle imbalance

poor hygiene

poor positioning
scissors-type gait

stretch reflexes

tendon jerks

Minor keyword descriptors
bladder problems

bowel problems
cardiovascular problems
fixed contractures
osteoporosis

pain

respiratory infections

thrombophlebitis

Glossary

Management of Spasticity and Cerebral Palsy 21
http://dx.doi.org/10.5772/58311

Adrenoleukodystrophy: demyelination of nerve cells in the brain and progressive dysfunction

of the adrenal gland.

Anoxia: diminished supply of oxygen to an organ's tissues.

Cerebral palsy: Nonprogressive disorder or movement and posture that can occur anywhere

from 0 to 5 years of age, caused by a brain lesion.

Clasp-knife phenomenon: characterized by a free interval of movement of the limb, followed
by a sudden stop and increase in muscle resistance which melts away as the passive stretching

of the limb continues.

Multiple Sclerosis: plaques form from inflammation of the white matter of the central nervous
system, causing destruction of the myelin sheath, resulting in diminished or lost function.

Permuted topics, synonyms, variants
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1. Introduction

Cerebral palsy (CP) refers to a group of permanent disorders of the development of movement
and posture, causing activity limitations, which are attributed to non-progressive disturbances
that occurred in the developing fetal or infant brain. Damage to the central nervous system
cause disorders in neuromuscular, musculoskeletal and sensorial systems. These disorders
result in posture and movement deficiencies. The causes of motor disorders are developmental
retardation, abnormal muscle tone, muscle weakness, postural control deficiencies, sensorial
problems, behavioral problems, orthopedic problems, abnormal movement patterns and
reflex, activity, asymmetry and deformities. Within the scope of the assessment to be per-
formed in terms of motor, besides the changes in the muscle tone, co-contraction capacities of
the muscles, involuntary extremity and body movements, stabilization of the extremities,
correction, balance and protective reactions, sitting balance, upper extremity and hand
functions and sensory-perception problems; orthotics, need of mobilization tools and other
aid tools, cooperation of the family and their knowledge on the disease also needs to be
assessed. Modern therapy methods in CP rehabilitation aim to develop the maximum
functionality and independence possible for the child by using the present neuromotor
potential. The dynamic motor control approach based on changing the motor patterns and
configuration of the tasks rather than the hierarchical modeling of the neurological motor

development is used for rehabilitation.
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2. Cerebral palsy

2.1. Definition

Cerebral palsy (CP) was first described by William Little in 1862 and initially was called Little’s
disease. It was described as a disorder that appeared to strike children in the first year of life,
affected developmental skill progression, and did not improve over time. Little related the
disorder as a lack of oxygen at the birth. After that, Sigmund Freud suggested that CP might
be rooted in the brain’s development in the womb and related aberrant development to factors
influencing the developing fetus (Accardo, 1982). Asphyxia at the birth was thought to be the
cause of CP until the 1980s, but today researches have shown that this etiology to be less likely
and only one of many with potential to result in CP (Nelson & Ellenberg 1986, Moster et al.,
2001). Recently, the most widely accepted consensus definition utilized for both clinical and
research purposes is the one put forward by Rosenbaum et al, “cerebral palsy describes a group
of permanent disorders of movement and posture, causing activity limitations, that are
attributed to non-progressive disturbances that occurred in the developing fetal or infant brain.
Beside the motor impairments, sensation, perception, cognition, communication, behavior,
epilepsy and musculo-skeletal problems are also accompany to cerebral palsy” (Rosenbaum
et al.,, 2007).

2.2. Incidence and etiology

Although, the exact prevalence of CP is variable and depends on definitions and case
ascertainment, today, studies has shown that, CP prevalence is around 2 per 1000 live births
in both developed and developing countries (even very different reasons). Conversely to
perinatal mortality, the birth prevalence of CP has not declined since the 1950s, The
proportion of children with CP that are born very preterm has increased with the advent
of neonatal intensive care and improvements of neonatal intensive care may be necessary
before its benefits can be fully realized (Blair & Stanley, 1997). CP prevalence is 1 per 1000
live births, for term children The prevalence of CP decreases significantly with increasing
gestational age category: 14.6% at 22-27 weeks’ gestation, 6.2% at 28-31 weeks, 0.7% at 32—
36 weeks, and 0.1% in term infants. The type of CP is also changed by gestational age; in
preterm infants, spastic CP is predominant and in term infants, the nonspastic form of CP
is more prevalent than in preterm infants (Cans et al., 2000). For moderately preterm
children (32-36 weeks’ gestation) estimates are 6-10 times higher and for very preterm
children (less than 32 weeks’ gestation) prevalence is 10 times higher than in moderately
preterm children. The birth weight changes the CP prevalence and it the highest in children
weighing 1000 to 1499g (59.18 per 1000 live births), and the lowest in children weighing
over 2500g (1.33 per 1000 live births). CP rates for live births show a lower prevalence for
babies of birth weight less than 1000g than for those with a birth weight of 1000-1499g.
Because the high numbers of babies do not live long enough to develop CP, it disappears
when estimating prevalence for neonatal survivors (Cans et al., 2000). Changes in perina-
tal and neonatal mortality accelerated in from the 1960s, with a huge decrease up until the
late 1980s, when there was an increase in the absolute number of children with CP. From
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1990 there has been a plateauing of mortality rates but a downward trend in CP rate mainly
in moderate and very low birth weight children (Cans et al., 2000).

There are a lot of conditions or risk factors associated with CP can be broken down into those
occurring in the prenatal, perinatal or postnatal time periods. CP may result from one or more
etiologies and can occur at any stage from before conception to infancy, with the actual cause
difficult to determine in all cases (Taft, 1999, Rosembaum, 2003, Jones et al., 2007). Currently,
problems occurring during intrauterine development, congenital disorders, asphyxia occur-
ring in any gestational age and preterm birth are thought to account for the majority of cases
(Naeye, et al., 1989, Moster et al., 2001). Neuroimaging studies support the current thought
that prenatal causes of CP, like brain malformations intrauterine vascular malformations, and
Infection are more common than birth asphyxia (Truwit et al., 1992). Although intrapartum
asphyxia originally was thought to be a major contributor to CP, it accounts for only 10% to
20% of cases (Nelson & Ellenberg, 1986). The most frequent perinatal/neonatal etiologies in
low-birth-weight infants are periventricular leukomalacia, periventricular hemorrhage and
cerebral infarction, but in infants of normal birth weight, the most often reason is hypoxic-
ischemic encephalopathy. Postnatal causes are generally result in spastic CP and represent
only about 10% to 18% of cases (Pharoah et al., 1989). More than 30% of children, there are no
risk factors or known etiology (Taft, 1999, Rosembaum, 2003). The 30-year survival rate is
approximately 87% (Glader & Tilton. 2009).

Risk Factors Associated With Cerebral Palsy

Prenatal Perinatal Postnatal

Hypoxia

Intrauterine infections

Consanguinity Asphyxia

lodine deficiency Infantil spasms
Genetic influences Asphyxia Hyperbilirubinemia
Metabolic disorders Premature birth<32 weeks Cerebral Infarction
Plecental malformations Low birth weight Exposure toxins
Feotal malformation syndormes Abnormal fetal presentation Pulmonary problems
Toxicity Instrument delivery Meningitis

Multipl pregnancy Blood incompatibility Intraventricular hemorrhage
Intrauterin growth restriction Infection Neoplasmas
Thrombophilic disorders Plecental abruption Head trauma
Periventricular leukomalacia Cerebral infection

Vascular accidents

Abdominal trauma

Table 1. Data from: Nelson & Ellenberg, 1986, Naeye et al., 1989; Nelson, 1989, Kuban & Leviton, 1994, Han, et al.,
2002, Gibson et al., 2003; Jones et al., 2007, Pountney 2007.
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2.3. Classification

Classification of CP is based on pathology, etiology or clinical description. Because pathology
and etiology are unclear in so many cases, universal classification is currently possible only
for clinical description, but reliability is elusive, partly since the term covers such a variety of
clinical presentations. Classifications could include different types, distribution and severity
of motor impairments and associated impairments. Because the characteristics of each factor
vary widely, the combination of characteristics found in a person with CP may often be unique.
Classification systems but what is important is subjective and depend on the purpose of
classification (Blair, 1997). The most of the classification systems have poor reliability, since
that they use terminology which is understood differently by clinicians trained in different
disciplines. Using simple and everyday language and avoiding from technical terms or even
pictorial representations are more beneficial to understand the classification. An early attempt
to avoid technical language was followed by one that sought only to decrease reliance on it
and is the subject’s development (Evans, 1989, Blair, 1997, SCPE Collaborative Group, 2000).

One method to classify CP, divides CP into two major physiologic classifications, as pyramidal
(spastic) and extra pyramidal (nonspastic) which are indicating the area of the brain lesion
resulting predominant motor disorder. Results from defects or damage occurring in the brain’s
corticospinal pathways, also described as upper motor neuron damage. Spastic CP accounts
for nearly 70% to 80% of all cases of CP. In pyramidal/spastic CP cognitive impairments seen
in approximately 30% (Taft, 1995, Jones, 2007). Increased muscle tone is the predominant
feature and hyperreflexia, clonus, extensor Babinski response, and persistent primitive reflexes
are commonly accompany. Extrapyramidal (nonspastic) CP is caused by damage to outside
of the pyramidal tracts in the basal ganglia or the cerebellum. It could divide into two subtypes,
dyskinetic and ataxic (Jones, 2007). Dyskinetic and ataxic forms account for 15% to 20% of all
cases of CP, with dyskinetic accounting for 10% to 15% and ataxic nearly 5% (Taft, 1995; Sanger,
et al., 2003, Jones, 2007). These forms result with disabilities with abnormal tone regulation,
postural control and coordination (Dormans & Pelligrino, 1998).

An another method is to describe the predominant motor characteristics, which include
spastic, hypotonic, dyskinetic and ataxic, as well as the topographical pattern of limb involve-
ment, such as monoplegia, diplegia, triplegia, hemiplegia or quadriplegia (Bobath, 1980, Jones,
2007, Pountney, 2007).

2.3.1. Spastic CP

The spastic child shows hypertonus of a permanent character, even at rest. The level of
spasticity varies with the child’s general condition, that is, child’s excitability and strength of
stimulation to which child is forced at any moment. If the degree of spasticity is high, the child
will fix in a few typical patterns due to the severe level of co-contraction of the involved parts,
especially around the proximal joints like shoulders and hips. As a result of tonic respirocal
inhibition, some of the muscles may appear weak by their spastic antagonists: for example,
the quadriceps by spastic hamstring and the dorsiflexors of the ankles by spastic triceps surae.
But the real weakness may develop in some muscle groups because of disuse in case of long
standing or prolonged immobilization. Sapasticity is of typical distribution and changes at first
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in a predictable manner, owing to tonic reflex activity. Movements are restricted in range and
require huge effort (Bobath, 1980).

2.3.2. Dyskinetic CP

The term of dystonic is now generally preferred to athetiod CP. Dystonic CP has few signs in
the early months of life except possibly some variations of muscle tone, but abnormal postures
and movements begin to occur in the second half of the first year. There are involuntary
movements around the mouth and of the arms and legs and these become particularly
prominent when attempting fine or gross motor movements. There are varied patterns of the
abnormal movements and swallowing difficulties are common. Many of the children make
grimacing movements of their face, which are often associated with attempted movements in
other part of the body (Scrutton, 2004). Because both have dystonic phase, it may be difficult
to distinguish between the child who is later going to be dystonic and child with cerebral
diplegia early on in first year of life. In dyskinetic child the fluctuating tone persists, and tendon
reflexes tend to be normal and may be increased in the lower extremities. The child has
abnormal postures with increased tone depending on position in space, relation of head to
body, contact with a surface or stimulation of the oral region. Initiating activity itself is clumsy
and uncoordinated and involuntary movements may make effective voluntary activity
difficult. In this type of CP bulbar problems are common, swallowing difficulties are frequent
and may affect nutrition. Additionally, drooling may be important problem. Speech is usually
impaired with dysarthria because of involment of the muscles (Scrutton, 2004).

Chorea: Sudden, quick, aimless, dancing movements of the head, neck and extremities.
Athetosis: Involuntary, slow and snake-like movements. The plane, direction and timing of
movements of the proximal articulars have mostly been defected. Chorea and athetosis
sometimes occur at once, this is called choreoathetosis.

Ballismus: Involuntary thrusts like explosions. It is rare.

Tremor: Involuntary, rhythmic reciprocal, movements that occur due to the contraction of
agonists and antagonists. These movements are generally more prominent in small articulars
and extremity distal. It is rarely seen alone and is frequently accompanied by athetosis or
ataxia.

Rigidity: Increase of tonus that includes both gravity and antigravity muscles (lead pipe and
cogwheel indication).

Dystonia: Movements that are mostly characterized by constant muscle contractions in the
trunk, neck and extremity proximal, causes contortions, repetitive movements or abnormal
posture.

Diskinetic movements may occur in different ways. As it can occur as intermittent spasms
characterised by increase in the flexor or extensor tonus due to tonic labyrinth and reflexes
that affect the neck, it can also occur as mobile spasms that include the alternative flexion of
extremities, extension, pronation and supination. Exaggerated movements, called momentary
localized contractions, may occur with the muscle or muscle groups of anywhere in the body
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also being affected. Facial grimacing, exaggerated and asymmetric activation of the mimic
muscles, rotating, bending movements of the hand and fingers, etc (Kerem Gunel, 2011).

2.3.3. Ataxia CP

The child does not have involuntary movements; however volitional movements are
affected usually all over the body. In classical neurology there is an unstable, gait with
wide based of support and often gross tremor in the arms and hands. The infant with ataxic
CP presents as a low toned baby with tonic paresis, the opposite to spasticity. There are
increased ranges of movement at all joints and postural development is delayed, as is
walking. Physiological ataxia is prolonged, and speech is usually slow and of developmen-
tal patterns rather the dysarthria of acquired ataxias. Hand skills are disrupted in regulat-
ing speed, distance and power, and since the cerebellum is involved in motor learning the
child may appear dysraxic (Bobath, 1980, Scrutton, 2004).

2.3.4. Hypotonic CP

Hypotonic CP often is included in classifications of CP because of the resulting motor delays
observed. This form also is referred to as central hypotonia. To classify hypotonia as CP,
myopathy or neuropathy must be excluded as potential causes. These infants are low toned,
exhibit a marked reduce in overall muscle tone and will have significant delays in motor
milestones. Hypotonic CP has persistent primitive reflex patterns and hyperreflexia, so it
distinguishes from lower motor neuron problems which causes of hypotonia (Taft, 1999, Jones,
2007).

Itis possible to see different combinations of forms of CP depending on the area of brain lesion;
this can be confusing to parents when different professionals call their child’s CP “mixed”.
However, when the types overlap on each other, it can be difficult to classify definitely the
resulting disability within the typical subtypes (Kubané& Leviton, 1994, Taft, 1999, Jones, 2007)

Another classification is done according to the extremities that are affected.

Diplegia is defined as involvement of the whole body; the lower half but, is more affected then
the upper half. Head control and control of the upper limbs are usually little affected and
speech is nearly normal (Bobath, 1980). The child with classical diplegic CP has slightly flexed
and internally rotated hips and femoral anteversion, semi-flexed knees, extended planter
flexed ankles and depending on the extent of involvement and effectiveness of management,
some fixed contractures potentially at all hip, knee and ankle joints. Additionally, there are
some associated posturing in the upper extemities like internally rotated shoulders, flexed
elbows, wrist and fingers and adducted/opposed thumbs. This pattern is often seen after 2
years of age and may be completely apparent after 3 or 4 years. Commonly, before the age of
year, there will be dystonic phase when the child will have accompanying hypertonia and
diagnosis of CP may be quite difficult (Scrutton, 2004). When the child gets older, usually
toward the end of the first year and during the second year, spasticity becomes more clear.
The most of these groups of children walk independently and these deformities develop as a
result of the crouch gait which seen in many of spastic diplegic children because of spasticity
in the hip adductors and flexors, hamstring and calf muscles. To compensate for tight tendo
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Achilles, children in this group may develop hyperextension of the knee and kyphosis may
develop as a sequel to tight hamstring or hyperlordosis as a compensatory balance mechanism
(Pountney, 2007).

Quadriplegia is also defined as involment of the whole body, however upper parts being more
involved than, or at least as equally involved as, the lower parts. Spasticity dominates in all
four extremities. The children develop very minimal functional movements and they are at
great risk of contractures and deformities. Distribution is usually asymmetrical. Due to the
greater involvement of the upper body, head control and eye coordination poor. In general,
children with quadriplegic distribution have severe CP, frequently associated with seizure and
severe cognitive impairment. These children usually have feeding problems, and some
involvement of speech and articulation (Bobath, 1980). If their care is not good, they have
tendency to develop both scoliotic and kyptotic problems in adultlife. Beside these deformities,
may develop dislocation of their hip joints and spinal curvature. The subluxation or dislocation
of hip joint may cause significant morbidity in terms of pain and difficulty with postural
control, creating limitations in sitting, standing and walking, and personal care problems
which include hygiene (Bobath, 1980, Scrutton, 2004, Pountney, 2007). Children who do not
walk independently, approximately 60% of this group will have hip dislocation by age 5 years
(Scrutton & Baird, 1997, Scrutton et al., 2001). It is recognized that dislocation continues to
occur well into adolescence offered a protocol for the surveillance of hips in young children,
which recommends a baseline X ray at 30 months to determine risk (Scrutton & Baird, 1997,
Miller & Bagg, 1992). The association between hip dislocation and spinal curvature is well
known and children with a windswept deformity of the hip are subluxated or present as a
precursor to spinal curvature. Spinal curvature occurs in up to 70% of children with bilateral
cerebral palsy but it is most prevalent in those with quadriplegia. As a result of weakness of
sitting stability, pain, pressure and respiration problems will occur. Scolisis is the most
common curve seen; however kyphosis and hyperlordosis are also common. In many of spinal
curves, rotatory elements are present and combinations of curve a and combinations of curve
patterns, such as kypho-scoliosis, are present. Spinal problems explained above can occur from
very young age and continue to progress well into adulthood, with individuals with the spastic
form of CP at greatest risk (Lonstein, 1995, Satio et al, 1998 Pountney, 2007).

Hemiplegia is involment of upper and lower extremity on one side (Bobath, 1980). The upper
limb appears to be much more involved than the lower limb, although this is partly because
the less affected proximal part of body makes walking look relatively ‘normal’. The lack of fine
movements of the hand are very pronounced, but fine movements of the toes are equally
impaired. The typical postures are similar to diplegia but affect only half the body. Bony
undergrowth of the affected extremity, when present, occurs in the first two years of life and
if not well managed may play a part in the development of a contracture of the tendo Achilles.
What is so apparent in a unilateral disorder points to the fact that many diplegic children will
have some bony undergrowth in both extremities. Although their onset of walking may be
delayed, nearly all hemiplegic children walk, but they often experience underdevelopment of
the affected side, which results in smaller extremities and can result shortening in the leg
(Scrutton, 2004). Equines of the foot and ankle, flexion of the elbow, wrist and fingers and
adducted thumb are classical deformities of the hemiplegic child. For hemiplegic children, one
hand functions well, however the other has some degree of dysfunction (Uvebrant, 1988,
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Scrutton, 2000). Impairment of the upper extremity results with complications in almost all
forms of human activity like self-care, school or work, and engagement in play or daily life
activities (Exner, 2001, Skold et al., 2004). The hemiplegic hand can be described as slow and
weak, with uncoordinated movements, incomplete finger fractionation, spasticity and
commonly, impaired tactile sensibility (Uvebrant 1988, Brown & Walsh 2000, Krumlinde-
Sundholm & Eliasson, 2002) additionally, Impairments in fingertip force control and timing
during object manipulation and inadvertent mirror movements are also described (Gordon et
al., 1999, Kuhtz-Buschbeck et al., 2000).

Recently, the clinical type of CP of children with CP is classified based on the most frequent
neurologic indications. SCPE’s (Surveillance CP Europe) classification system is progressing
on creating an international language. The system adopted by SCPE provides a decision flow
chart to aid classification into neurological and topographical categories including spastic
(unilateral or bilateral), ataxic, dyskinetic (dystonic or choreoathetotic), or not classifiable.
Despite careful planning of the system, there has been little work to demonstrate the validity
and reliability of classification. The lack of any defined criteria for recording functional
limitation in the SCPE definition was noted by lenksi et al (2001). Subsequently, SCPE, along
with other research groups, demonstrated that the inclusion of a description of functional
ability markedly improved the reliability of diagnosing children with CP. Consistent applica-
tion of the diagnosis is of paramount importance when the prevalence of CP from different
sources and places is being compared.

According to the record system that SCPE suggests, CP;
Spastic type CP is characterised by at least two:

* Abnormal posture and/or movement.

* Increased tonus (not required to be constant).

* Pathological reflexes (increase in reflexes: hyperreflexia and/or pyramidal indications, i.e.
Babinski response).

Spastic CP can be bilateral or unilateral.

Spastic Bilateral CP is diagnosed if it includes extremities on both sides of the body.Spastic Unilateral
CP is diagnosed if it includes extremities on one side of the body.

Ataxic type CP is characterised both of the below:
* Abnormal posture and/or movement.

* Loss of muscle control so that movements are performed with abnormal force, rhythm and
accuracy

Both of the below are dominant in dyskinetic type of CP:
* Abnormal posture and/or movement.
* Involuntary, incontrollable, repetitive and sometimes stereotype movements.

Dyskinetic CP however, can by dystonic or choreo-athetoic:
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* Duystonic CP is active in both situations:
* Hypokinesis (decrease in activity, i.e. difficult movement).
Hypertonia (tonus generally increased).Choreo-athetodic CP is active in both situations:

* Hypokinesis (decrease in activity, i.e. severe movements).

* Hypertonia (tonus generally increased) (Krageloh-Mann, 2009, Garne, et al. 2008).

2.4. Commonly associated conditions

Because of the abnormal tone or movement associated with the disorder, nearly all children
with CP have orthopedic concerns. These orthopedic concerns may be the extent of the effect
of CP for some children. Many are at risk, but, for associated medical concerns as well. The
most children with CP have at least one additional disability. For many children, the associated
disabilities may be more significant from a functional or quality-of-life perspective than the
neuromotor impairments that define the condition. It is important to be aware of potential
associated disabilities and medical complications so that the child can be monitored in a
proactive manner (Glader & Tilton, 2009).

2.4.1. Primary effects: Neurologic Sequel

From a neurologic view, some primary issues may arise as a result of the underlying injury
causing the CP. Major manifestations include seizures disorders, intellectual and learning
disabilities, neurobehavioral concerns, sensory impairment, and effects of bulbar palsy (Glader
& Tilton, 2009).

2.4.1.1. Seizure disorders

The rate of epilepsy in children with cerebral palsy is, ranging from 15% to more than 60%,
depending on the type of cerebral palsy and the origin of the series. In these children, epilepsy
is an index of the severity of cerebral palsy. Associated disabilities like mental problems are
much more common in patients with CP with epilepsy than in those without seizures. The
presence of seizure seems to be a more predictive factor of mental development than the extent
of the brain damage. Epilepsy associated with CP is difficult to control, although remission,
even in the presence of brain damage, can occur. But, there is still controversy concerning the
optimal seizure-free period needed before discontinuing antiepileptic drugs (Glader & Tilton,
2009).

2.4.1.2. Intellectual disability and learning disabilities

Nearly 65% of children with CP meet criteria for intellectual disability (Miller, 1998). There is
a correlation between intellectual disability and the subtype of CP. Children with spastic
quadriplegia have the highest tendency of having an intellectual disability, additionally there
is some indication that the presence of epilepsy correlates more strongly with intellectual
disability (Glader & Tilton, 2009).
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Learning disabilities occur in children with CP, and seem to correlate with general cognitive
function. There is a discussion about children with a right-sided hemiplegia have in-
creased prevalence of language disorders based on a left-sided injury (Trauner et al., 1996).
Additionally, low-birth-weight infants with CP have increased risk for educational
impairments (Fennell & Dikel, 2001).

2.4.1.3. Neurobehavioral concerns

There are a lot of neurobehavioral concerns arise in children with CP. Typical problems include
inattention, internalizing behavioral problems, immature adaptive skills, and undesirable
behaviors. Consistent with the attention-deficit/hyperactivity disorder, inattention may be
primarily neurologic. Neurobehavioral issues may indicate subclinical seizures, depression,
discomfort, anxiety or fatigue. The interaction between a numerous of medical realities can
result with these maladaptive behaviors such that they are of a secondary rather than primary
etiology. This condition demands a different approach to treatment and knowledge of the
potential associated medical concerns. It can be challenging to explain the etiology of neuro-
behavioral symptoms in a child with CP, particularly if communication impairment exists. The
diagnosis of neurobehavioral origin is generally one of exclusion, after other explanations, like
discomfort and fatigue, have been excluded (Glader & Tilton, 2009).

2.4.1.4. Hearing impairment

Hearing loss occurs in 12% of children with CP in different degrees. Most commonly, hearing
loss relates to a kernicterus, very low birth weight, meningitis, or it is very important to obtain
a hearing evaluation in any child suspected to have CP ( Carey 2009, Glader & Tilton, 2009).

2.4.1.5. Vision problems

More than 25% of children with CP have different kinds of visual problems, and some studies
place the prevalence at closer to 40%. Children with a periventricular leukomalacia seem to be
particularly tend to vision problems. The range of visual impairment encountered includes
retinopathy of prematurity, nystagmus, amblyopia, refractive errors, optic nerve atrophy and
cerebral visual impairment (Rudank et al., 2003). All children diagnosed with CP must be
evaluated by an eye specialist. A functional vision or cerebral visual impairment assessment
looks for the presence of visual field cuts and behaviors, like the use of peripheral vision and
gaze preference. All of these can affect a child socially and academically in term participation
(Glader & Tilton, 2009).

2.4.1.6. Gastrointestinal problems

Different gastrointestinal problems are present in a child with CP. Delay in growth and
malnutrition are common (Sullivan et al, 2000) and the sequel of malnutrition are important
to recognize. As a result of that, endurance or ability of a child can be affected. Postoperative
wounds may cause Infection.
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Decreased oral intake may reflect underlying gastrointestinal problems, especially conditions
relating to lack of motility. The child with uncontrolled gastroesophageal reflux or constipation
may feel uncomfortable. Treatment of these underlying disorders can have an important effect
on nutrition. Caloric enhancement and work with a dietitian to optimize caloric intake can be
central to helping a child to overcome the malnutrition. The most common reason for decreased
oral intake is oromotor dysfunction. Oromotor problems can be exaggerated by challenges
with overall tone and poor positioning. Treatments to gain oromotor control and safety include
different modifications of food textures, feeding techniques and seating. A therapist specialize
in feeding can play an important role for a child challenge with oral feeding. In more severe
cases, oral feeding cannot be managed safely, and assessment for direct enteral feeds (e.g,
placement of a gastrostomy tube) must occur (Glader & Tilton, 2009).

Many children with CP challenge with difficulties gaining weight; on the other hand, on
occasion, obesity is a problem and when it occurs, the child faces increased challenges to overall
motor activity and coordination (Carey 2009, Glader & Tilton, 2009).

2.4.1.7. Sleep problems

Sleep problems are common in children with CP. There are different etiologies, include, among
others, primary obstructive sleep apnea; discomfort, which requires thorough evaluation for
a wide range of medical issues; and a primary neurologic complication of sleep-wake cycle
abnormality or even seizures (Glader & Tilton, 2009).

3. Motor assessment

CP refers to a group of permanent disorders of the development of movement and posture,
causing activity limitations, which are attributed to non-progressive disturbances that
occurred in the developing fetal or infant brain (Bax et al., 2005). Damage to the central nervous
system causes disorders in neuromuscular, musculoskeletal and sensorial systems (Butler et
al., 1999). These disorders result in posture and movement deficiencies. The causes of motor
disorders are developmental retardation, abnormal muscle tone, muscle weakness, postural
control deficiencies, sensorial problems, behavioral problems, orthopedic problems, abnormal
movement patterns and reflex, activity, asymmetry and deformities (Rosembaum et al., 2007).
Modern therapy methods in CP rehabilitation aim to develop the maximum functionality and
independence possible for the child by using the present neuromotor potential (Hamamci &
Dursun, 1995). Evaluation is very important in understanding and efficiently treating motor
function problems that are the major factor influencing functional independence in CP
(Livanelioglu & Kerem Giinel, 2009).

In an assessment of a child with CP, whose physiotherapy and rehabilitation needs were
determined, the physiotherapist should be search the functional status, active neurophysio-
logic and biomechanical mechanisms and accompanying problems effect the situation. The
clinical type, severity of the disease, chronologic age, age of initiating physiotherapy, existence
and severity of abnormal reflexes, cognitive problems appearing together, hearing disorders,
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visual impairment, sensory-perception problems, general state of health and the socio- cultural
and economic status of the family should be considered while deciding on suitable physio-
therapy methods ( Stranger & Oresic, 2003).

The actual question that needs to be answered within scope of the information obtained, as a
result of the assessment, is what is important in the child’s life. What needs to be provided is
not only motor development abilities such as sitting, crawling, walking, muscle tonus regu-
lation, balance and coordination training. The acquisitions shall be ensured to be able to be
used in daily life (Bower & McLellan, 1992).

While clinical observation is one of the most important parts of the assessment, it completes
standardized tests and contributes information which carries at least the same significance. By
assessing the child, according to the parameters listed below, the physiotherapist shall present
a general table of the child. The child must be calm and trust the physiotherapist during the
observations conducted in terms of motor, sensory, cognitive, emotional and social/family.
The parent or the guardian undertaking the care of the child shall be with the physiotherapist
during the observation. The child must not be hungry, nor should be observed right after
eating. The room where the observation will be done should be quiet, at an agreeable temper-
ature and not contain unnecessary toys and equipment; if possible it should be a room covered
with material that is appropriate for the child to move on the ground, with walls painted in
warm colours and should not be too small. Firstly, what the child can do on his/her own should
be observed while examining the functional movements, fine and gross motor skills during
the observation (Mayston, 2008).

Within the scope of the assessment to be performed in terms of motor, besides the changes in
the muscle tonus, co-contraction capacities of the muscles, involuntary extremity and body
movements, stabilization of the extremities, correction, balance and protective reactions,
sitting balance, upper extremity and hand functions and sensory-perception problems;
orthotics, need of mobilization tools and other aid tools, cooperation of the family and their
knowledge on the disease also needs to be assessed. The assessment of the motor function
should be based on the normal process of a normal motor function development but it should
also be sensitive towards special problems. For motor development reflex development,
proper posture, sufficient extremity movements, appropriate muscle tonus, sensory develop-
ment and cognitive functions within an integral neurologic and musculoskeletal system is
required. Full completion of the motor development is required for the functional independ-
ence and social and emotional development of the child. Therefore it is required to know the
normal development of a child. By knowing the normal development, the developmental
problems that may occur in the child due to any reason can be better understood (Tsorlakis et
al., 2004).

3.1. Muscle tone assessment

The methods used for assessing spasticity take place within a wide range that extends from
clinical scales to more complex systems based on Electromyographic Analysis (EMG).
Collecting comprehensive history and observations are very important in assessing the effect
of spasticity on functions. The muscle groups, in which the spasticity exists, and their inter-
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action with postural reactions’ effect on functions should be researched. Although assessing
functional activities and daily-life activities does not directly determine the severity of
spasticity, it could present an idea on the reflection of the changes of the spasticity on the
functional condition (Kerem Giinel, 2011). One method of assessing spasticity in the clinic is
to determine the amount of resistance that the spastic muscle presents during a passive
movement of the relevant extremity. Ashworth has, accordingly, defined a 5—point scale. This
scale evaluates the resistance that occurs during the passive movements of the extremities with
points between 0-4. Although the Modified Ashworth Scale (MAS) is a subjective method in
our day, itis widely used as an easily applied method that does not require any tool in assessing
spasticity (Bohannon & Smith, 1987, Clopton et al., 2005).

Modified Ashworth Scale for Grading Spasticity

Grade Description

0 no increase in muscle tone

slight increase in muscle tone, manifested by a catch and release or by minimal resistance at the end of
the range of motion when the affected part(s) is moved in flexion or extension

slight increase in muscle tone, manifested by a catch, followed by minimal resistance throughout the

T remainder (less than half) of the ROM

2 more marked increase in muscle tone through most of the ROM, but affected part(s) easily moved
3 considerable increase in muscle tone, passive movement difficult

4 affected part(s) rigid in flexion or extension

The Tardieu Scale is another scale that assesses spasticity with passive movements, as does
the AS and MAS. This scale presents spasticity’s nature that depends on speed. Passive
straining is performed at the speed of the extremity segments falling with gravity and slower
and faster than this speed. The Modified Tardieu Scale (MTS) has added the assessment
positions and spasticity angles of the extremities to the original scale (Boyd & Graham, 1999,
Gracies et al., 2010). The MAS, Pendulum test and MTS for measuring the spasticity of children
with CP was compared and MTS was determined to be most appropriate measurement
method (Mutlu et al., 2007).

Spastic muscles limit articular movements in antagonist directions. Therefore, in addition to
assessing the movement of the articular with a goniometre can also be used as an objective
method although it presents conflicting results in terms of reliability. Assessments, which are
not widely used in the clinic and are used more in assessments researches, are methods such
as the dynamic flexometre, pendulum test, electrophysiologically assessing the H reflex and
M response and the biomechanical analysis of response of the spastic muscle to angular and
speed differences, etc. (Mutlu et al., 2008, Akbayrak et al., 2005).

The Barry Albright Dystonia Scale is a highly reliable rating scale developed in order to
asses the dystonia in children with CP and traumatic brain injuries. The scoring is “none”;
0, “slight”; 1, “mild”; 2, “moderate”; 3, and “severe”;4. Each region has specific descrip-
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tors for a scoring. Generally if dystonia is present less than 10% of the time it is “slight”,
if it does not interfere with function or care it is “mild”, if it makes functional move-
ments harder it is “moderate”, and if it prevents function it is “severe” (Albright, 1996).

3.2. Assessment of functional level and gross motor functions

The most widely-used test battery that measures the functional motor level in order to
determine the motor development level of children with CP is the Gross Motor Function
Measurement (GMFM). With GMFMV, physiotherapists can define the motor function level of
the child; obtain aid in specifying the targets of the treatment, follow-up the post- treatment
development and present objective information regarding the child to relevant colleagues,
other inter-discipliner professionals and families. It was developed in 1989 by Russell et al. by
considering the motor function level of a 5-year old child with normal motor development.
The GMFM measures how much of the action is achieved rather than measure the quality of
the motor performance. The purpose is to determine the capacity and change. It is comprised
of sections of supine-facedown positions and turning, sitting, crawling and standing on knees,
standing on feet, walking and running and jumping (Russel et al., 1989, Russel et al., 2000).

The Gross Motor Function Classification System (GMFCS) is a classification system developed
for children with CP. The GMFCS has been developed by Palisano et al. based on the actions
the child can perform from sitting to walking. It is a practical system that can be used in clinics
for the rehabilitation team to classify a child with CP, observe the efficiency of the applications
and follow-up on the patient in inter-intra discipliner applications. Initially, children with CP
aged below 12 were divided into five levels by considering their independency in gross motor
functions such as sitting, walking, mobilization and transfer activities and the tools-equipment,
tools that assist in walking that they use. As motor functions of children differ according to
age, functions have been defined as under 2-years old, between 2-4 years old, between 4-6
years old and between 6-12 years old for each level. This system was extended in order to
include the age ranges of between 12-15 and 15-18 years old in 2007 (Palisano et al., 1997,
Palisano et al., 2007).

Commonly Used Tests:

Gross Motor Function Classification System ~GMFCS (Palisano et al, 1997,2007)

Gross Motor Function Measure- GMFM 88 or 66 (Russel et al, 2003)

The Functional Indepence Measure for Children- WeeFIM (Mshall et al., 1993)

Pediatric Evaluation Disability Inventory- PEDI (Vos-Vromans et al., 2005).

The Neurological, Sensory, Motor Developmental Assessment -NSMDA (Burns et al., 1989)
Bayley Scales of Infant Development (Bayley 1983)

Trunk Control Measurement Scale -TCMS (Heyrman et al., 2011)

Gait Analysis

Table 3. Data from: Palisano et al. 1997,2007, Russel et al 2003, Mshall et al. 1993, Vos-Vromans et al. 2005, Burns et
al. 1989, Heyrman et al. 2011.
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Trunk Control can evaluate by Trunk Control Measurement Scale (TCMS). This scale consists
of 15 items measuring two main components of trunk control: (a) a stable base of support (static
sitting balance), and (b) an actively moving body segment (dynamic sitting balance). The
subscale static sitting balance (items 1-5) evaluates the ability of the child to maintain a stable
trunk posture during movements of upper and lower limbs. The section dynamic sitting
balance is further divided into two subscales: selective movement control and dynamic
reaching. The subscale selective movement control (items 6-12) measures selective trunk
movements in the sagittal (flexion/extension), frontal (lateral flexion) and transverse (rotation)
plane within the base of support. The subscale dynamic reaching (items 13-15) evaluates the
performance of three reaching tasks, requiring active trunk movements beyond the base of
support. All items are scored on a two-, three- or four-point ordinal scale and administered
bilaterally in case of clinical relevance. Maximum scores on the three subscales are 20, 28 and
10, respectively, resulting in a total score from 0 to 58. A higher score indicates a better
performance (Heyrman et al., 2011).

3.3. Functional level assessment related by motor performance

The Functional Independence Measure for Children (WeeFIM) has been developed by using
the Functional Independence Measure (FIM) developed for adults by “Uniform Data System”
in 2003. It is a useful, short, comprehensive measurement method that determines the devel-
opment, educational and social functional limitations of children that have CP and other
development disorders. WeeFIM contains a total of 18 articles in 6 fields; self-care, sphincter
control, transfers, locomotion, communication and social and cognitive. Whether or not the
child is aided, performs on time or if they required an aiding device while performing the
function in each article of these fields is scored from 1 to 7. 1 point is given if they perform the
mission with aid, 2 for independently performing and 7 if they perform on the right time and
safely. Accordingly, the child can score 18 the least (fully dependant) and 126 the most (fully
independent) (Mshall et al., 1993, Ottenbacher et al., 1999)

Also The Pediatric Evaluation Disability Inventory (PEDI), is a comprehensive clinical
assessment tool that assesses the functional ability and performance of disabled children. It
has been developed especially to assess the function of small children and is a distinguishing
measurement method that can be used for children below 7,5 years old and also older children.
PEDI is comprised of three main sub-sections; functional abilities, help of caretakers and
modifications. Each of these sections assesses self-care, mobility and social function areas. The
functional abilities part comprises of 197 articles and measures the functional abilities of the
child. In this section the “self-care” sub-section comprises of 73, the “mobility” sub-section
comprises of 59 and the “social functions” sub-section comprises of 65 articles. The section
regarding help of the caretakers comprises of 20 articles and measures the disability condition
of the child according to the amount of aid required in order to perform the functional activity.
The modifications section also comprises of 20 articles and shows the environmental modifi-
cations and tools that the child uses during his/her daily life. Each sub-section of PEDI can be
used independently (Vos-Vromans et al., 2005).
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3.4. Developmental evaluations

The Bayley Infant and Child Development Assessment Scale was developed by Nancy Bayley.
It was revised in 1993 and the Bayley Infant and Child Development Evaluation Scale-version
2 (Bayley-II) was published. It evaluates the developmental condition of the child according
to age in general. Bayley-II is used to evaluate children aged 1-42 months and to follow their
development in the USA. Its standardization has been done on 1700 children in the USA and
it has been used in studies and clinical applications for over 40 years ( Bayley, 1993). It is one
of the best tests for evaluating child development. The test is valid and reliable for determining
the child's development (Blauw-Hospers & Hadders — Algra, 2005).

The Bayley and Bayley-II evaluation scales are the mental development scale (MDS) and
psychomotor development scale (PDS). MDS evaluates the cognitive and language develop-
ment while PDS evaluates gross and fine motor development. The MDS and PDS scales are
the basic limitations of Bayley and Bayley-II (Johnson & Marlow, 2006). This limitation has
been revised in Bayley-IIl. Thus, the composite scores of cognitive, language and motor
parameters can be calculated separately. The structure of Bayley-III, the new version of Bayley-
II, provides more useful information in understanding the development in the early stage,
increases our capacity to identify early developmental problems and ensures focusing on
special areas specific to the weakness with early intervention programs. In terms of research,
it provides a better understanding of early development in the high-risk group and provides
more sensitive results for clinical studies (Anderson et al., 2010). The primary purpose of
Bayley-IIl is to identify children with a developmental delay and provide information for an
intervention plan. It identifies the developmental delay risks of children aged between 1 and
42 months, and helps professionals in the identification of future applications (Bayley, 2006).

The test has been divided into 5 subgroups: cognitive, language, motor, social-emotional and
adaptation. It has been created for the evaluation of the separate parts of the total development
for each child. The marking system of the subtests produce scores that can be used to define
an end point for each subtest in different age groups. It includes a registry form; cognitive,
receptive language, expressive language subtests; and fine and gross motor subtests. The
cognitive scale evaluates the sensory-perceptual sensitivity, discrimination and the resultant
abilities; early period object recognition-memory retention, learning, problem-solving skills,
initiation of verbal communication and vocalization, and generalized evidence of early ability
and classification (Burns, 1992).

The neurological, sensory, motor developmental assessment (NSMDA) has been designed to
examine the characteristics of motor development in the early childhood period and is a
standard motor development test used to evaluate infants or children between the ages of 1
and 6 years (Burns et al., 1989). It is preferred for characterizing the motor development and
identifying any problematic motor development areas during long-term follow-up of of
premature children. It is also used in the prediction of general developmental results such as
to help in the diagnosis of CP, compare motor results in different problems, and predict the
motor development and cognitive performance of premature children (Burns et al., 1989,
Spittle et al., 2008, Burns et al., 2009, MacDonald & Burns, 2005).
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NSMDA evaluates the development of the motor performance of the child especially in certain
periods and defines normal or abnormal features, motor performance, and abnormal or
dysfunctional motion components at various ages. The test shows whether the motor devel-
opment and mobility components of the infants and children are within normal limits, suspect
or abnormal. Test parameters evaluate the age-appropriate motor skills, muscle tone, deep
tendon reflexes, movement patterns, postural reactions and balance, and the tactile, proprio-
ceptive, visual and vestibular sensory systems (Burns et al., 1989). NSMDA has been shown
to be valid and reliable from birth until the age of 2 years. NSMDA was mentioned as an
adequate and differentiating set of tests in a review on the clinometric characteristics of various
test sets evaluating neuromotor development in first year of life (Spittle et al., 2008).

3.5. The evaluation of gait

Various methods such as observation, measurement of time-distance characteristics, video
recording systems and kinetic and kinematic analysis performed with computer-aided
systems are used in the evaluation of gait in children with SP (Livanelioglu & Kerem Giinel,
2009). While gait can be evaluated by observation in the clinical environment, it is digitally
evaluated in gait analysis laboratories. Functional observational gait evaluation can be
performed with the Gilette Functional Evaluation Survey (Novacheck et al., 2000), Physician
Rating Scale (Maathuis, 2005,) and Functional Mobility Scale (Graham et al., 2004). The gait
substep of GMFM can also be used in the functional evaluation of the gait (Ross & Engsberg,
2007). Although many gait problems can be understood by the visual examinations performed
by experienced clinicians or analysis performed with video records, gait analysis technology
is necessary to interpret the problem numerically, to record and reevaluate later, and objec-
tively reveal the effectiveness of the treatment is necessary in complex walking problems
(Kawamura et al., 2007).

Gait analysis is a systematic measurement used to identify and evaluate human movement.
The numerical evaluation, identification and interpretation of gait is possible with gait
analysis. Modern gait analysis laboratories are based on four disciplines: Visual inspection,
quantitative analysis, biomechanical analysis and electromyography (EMG). While visual
examination evaluates the body motions in repetitive gait, quantitative analysis provides the
kinematic parameters, time and distance characteristics of the joints during the gait. Biome-
chanical analysis and EMI provide information about the muscle activity during gait and its
effect on gait. A detailed gait analysis includes all of these methods (Kawamura et al., 2007).
Gait is evaluated in each of the three planes as sagittal, coronal and transverse with 3D gait
analysis (Deluca, 1991, Patric et al., 2001). The pelvic tilt, flexion-extension of the hip and knee,
and the plantar flexion and dorsiflexion of the ankle are commonly evaluated in the sagittal
plane while pelvic obliqueness, abduction-adduction of the hip, knee varus-valgus, foot
inversion-eversion are evaluated on the coronal plane with 3D gait analysis. The internal and
external rotations of the pelvis, femur, knee, tibia, and ankle are evaluated in the transverse
plane. Kinetic (strength, pressure, moment and torque) and kinematic (changing place, linear
velocity, acceleration) analyses and the analysis of the time-distance characteristics are
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performed with 3D gait analysis. Angular sizes are recorded in kinematic analysis (Schwartz,
2009).

4. Therapy approaches

The dynamic motor control approach based on changing motor patterns and configuration of
the tasks rather than the hierarchical modeling of the neurological motor development is used
for the rehabilitation. This approach allows looking at the child from the functional aspect in
environments such as the home and school and performing a realistic evaluation. The aim of
CP rehabilitation should be the development of current abilities of the child and to keep these
abilities at an optimal level. It is important to minimalize the effects of functional limitations
and disorders and protect the patient from the disability to prevent secondary disorders and
maximize the motor functions to the extent permitted by the existing deficit. Therefore, the
type of treatment where the optimal functions can be gained should be determined. The main
goal of treatment should be reaching maximum functional capacity. However, correction of
abnormal posture and patterns, prevention of the deformities that may develop, mobilization,
development of existing skills, and teaching new skills are also among the targets of treatment
(Miller, 2007, Camper et al., 2000).

The rehabilitation program of children with CP is determined according to the age and
functional condition of the child and the general treatment approach shows significant changes
according to the age (Camper et al., 2000). Combinations of different approaches may be used
in each age group. The environment where the therapy will be conducted can be the home of
the child as well as clinics and hospital departments, inpatient rehabilitation hospitals,
rehabilitation centers or school-based therapy environments. The therapy plan should be
consistent with the patient's age as well and have a specific purpose and relevant measurable
short-term targets. These short-term targets allow the therapist, family and the child to be
informed about the process. Another aspect of the treatment is family training. The exercise
plan should be taught to the child and family, the functionality of the child in the home
environment should be evaluated, and the long-term expectations of the family should be
taken into account (Miller, 2007, Camper et al., 2000). It is important that the rehabilitation
process be started as early as possible due to the plasticity characteristics of the central nervous
system (Bluw-hospers & Hadders-Alga).

The current function of the child and prognosis for acquiring new skills should be taken into
account when deciding on the effectiveness of the physiotherapy. While the treatment program
is planned, the growth spurts of the child and procedures such as surgery should be taken into
account. Whatever the functional level of the child, the family should also be included in the
process through home programs. Deciding on the intensity of the treatment is important in
the management of the process. The use of intensified therapy after orthopedic interventions
and neurosurgery, during growth spurts that can affect the motion biomechanics of the child,
and when a specific task is being focused on has critical importance. Physiotherapy in
adolescents and adults with CP should be supported with recreational activities. Thus,
motivation can be provided for the acquisition of new skills (Styer- Acevedo, 1999).
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An extensive framework of methods is included within the concept of physiotherapy and
rehabilitation in CP. Some of the approaches based on neurophysiological grounds have been
developed over time and remain valid while some are no longer preferred (Damiano, 2004).
In addition to neurophysiological approaches, there are also strength training, hydrotherapy,
restrictive obligatory motion treatment, electrotherapy applications, hippotherapy and
alternative-complementary therapy approaches that are used together with such approaches
or independently.

4.1. Neurodevelopmental therapy

Today, the Bobath approach, initially, aims to observe the existing performance of the child
with CP, analyses it, interpret it and then enable the child to reach the maximum level of
independency within the limitations of the child’s potential assessment and result (DeGangi
& Royeen, 1994). Neurodevelopmental therapy (NDT) was developed by Bertha Bobath,
physiotherapist, Karel Bobath, neuropsychiatrist. Bobath’s approach was shaped in order to
involve scientific theories that were and empirical experiments that were developed and has
a structure that is open to development and is dynamic. Thus, it has been developed until our
day since its first application and has undergone some changes. According to the Bobath’s, the
motor problem is one of the most important problems and delay or disorder of normal motor
development or not being able to establish postural control against gravity due to function
problems in the central nervous system is the most significant factor that causes motor
problems (Tsorlakis, 2004, Bly, 1991). The NDT method, which regards all problems occurring
in the child as a result of the injury in the central nervous system, has focused on working on
memory, perception, sense, postural control and abnormal patterns, reflexes and sensory
motor components in the muscle tonus. It is used to facilitate special gripping techniques
movement patterns, balance responses and normal muscle tonus and also to decrease abnor-
mal movement patterns, reflexes and spasticity. During the years when the NDT was first
developed, the child was more passive in this approach; however, as it has received the name
of “living concept” it is observed that the child is more active now (Kerem Giinel, 2009).

The effect of the family is very important and the family must act like a part of the rehabilitation
team within the scope of NDT (Butler & Darrah, 2001). There have been debates on whether
NDT principles affect motor development in terms of reflex and hierarchic model of motor
control is focused on only neural explanation. For instance, in the motor control model, the
central nervous system is regarded as one of the systems that affect only motor behavior. Motor
control is also affected by cognitive and environmental factors. However, physiological
components and environmental contents are accepted as non-neural explanations in the child’s
progress (Fetters & Kluzik, 1996).

Implementing clinical practices with applications based on evidence is increasingly becoming
more important today. Although NDT is the most commonly used method in child rehabili-
tation by physiotherapists all over the world, research that presents its effects are deemed to
be insufficient. There are many reasons for this. Research presenting NDT’s effect was
organized by AACPDM (American Cerebral Palsy Association) and as a result the difficulties
and the evidence encountered were studied (Butler & Darrah, 2001)
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The most prominent difficulty is that all problems, diagnosed on research that includes low
incidence and high heterogeneity conditions, become complex with the change of children
along with their growth and development process. Despite these obstacles, due to different
practices and understandings in applying NDT and its ongoing and wide effect in CP treat-
ment, it is important to collect information on NDT. Researchers indicate that NDT is clinically
significant but that no statistical assessment can exactly present its result, partially due to the
difficulties mentioned above. In researches where the NDT’s clinical effect is attempted to be
presented by practice, the NDT structure changes with time and in these researches NDT
practices are usually performed with other therapy techniques and medical treatments (Law
etal., 1997).

The primary target of NDT is to change the central nervous system’s neural based motor
responses. Various aspects of the motor response have been assessed with measurement
methods used in conducted researches. These are qualitative movement or physiological
motor function (i.e. involuntary muscle tonus changes, spasticity, etc), reflex activity, weight
transfer, postural control, trunk rotation, combined reactions, upper extremity movements and
walking parameters. As a result of these researches, generally, it has been indicated that a
better motor response occurred and that there were positive changes in terms of physiological
motor function, movement time, step length for walking, speed and foot angle after the NDT
practices (Bobath, 1971). Nonetheless, the evidence of this development in physiological motor
functions and qualitative movement is not consistent. One other very important target of NDT
is to prevent or slow down deformities. The measurements of articular movement width,
orthosis or surgical suggestions after the NDT practice are used for researching the degree of
contractures. It has been indicated that NDT provides advantages in protecting the dynamic
articular movement width in the ankle and knee (Kluziket al., 1990). In other words, when the
articular limitation was repetitively and immediately assessed after 20-25 minute NDT
sessions, it decreased further. To decrease spasticity, provide normal movement experience,
support functional independence during daily activities and thus indirectly support motor
learning, physiotherapists use special grips and positioning within the scope of NDT. Dynamic
articular movements and the child’s active participation during the movement can be clinically
descriptive. When considering principles of evidence-based practices in studies, it is possible
to mention that the studies were conducted with groups that have low-level work force and
insufficient number of cases and are heterogeneous. When the results are considered, it can be
emphasized that NDT practices have positive results on postural tonus, functional independ-
ency and dynamic articular movements; however, NDT cannot be proved to be superior to
other practices and further studies are strongly required. These efforts should involve
randomized studies in more comprehensive groups whereby only NDT is applied in homo-
geneous groups by making use of reliable and valid evaluation analyses where age, sex,
severity and type of disease, socio-economic and cultural structure of family are kept under
control and which indicate long-term effects (Mayston, 2008, Butler & Darrah, 2001, Herndon
etal.,, 1987).
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4.2. Strength training

Disorders affecting muscle strength and motor control in children with CP are indicated among
the main reasons of the motor performance disorder (Giuliani, 1991, Damiano & Abel, 1998,
Engsberg et al., 2000). Muscle weakness is a common disorder in children with CP and is
associated with insufficient or reduced motor unit discharge, inadequate coactivation of
antagonist muscles, secondary myopathy and impaired muscle physiology. Studies have
shown the usefulness of strength training in children with CP and revealed the relationship
of muscle strength with activity (Scianni et al., 2009). Strength exercises increase muscle
strength, flexibility, posture and balance in CP. They also increase the level of activity in daily
life and develop functional activities such as walking and running (McBurney et al., 2003).

Isotonic, isometric and isokinetic exercises can be used to increase muscle strength and motor
function recovery. Strengthening methods commonly used in all age groups are functional
activities, gravity and body weight (Finlay et al., 2012, Berry et al., 2004, Damiano et al., 1995,
Fowler et al., 2001). A sufficient level of loading is necessary to increase the strength of the
muscles when choosing among different strengthening methods. Strength training requires
effort against progressive resistance. Progressive resistance exercises that develop muscle
performance and motor skills by increasing the force production capacity are important for
individuals with CP. Increase in muscle strength and joint range of motion are provided with
resistance exercise training (Mockford & Caulton, 2008). Damiano concluded that resistance
exercises thatinvolve the lower and upper extremities in children with spastic diplegia increase
the strength capacity (Damiano et al., 2010). An increase in the spasticity was not observed
with resistance exercise training (Dodd et al., 2002). Training conducted with manual resist-
ance, fitness equipment, free weights, Gymball, theraband, running band, static bike, leg press
and isokinetic devices are examples of resistance exercises (Finlay, 2012).

Studies reveal the presence of weakness compared to their peers in the affected extremities of
children with CP even if they have a high functional level, and this weakness increases with
neurological involvement ( Damiano et al., 1995, Wiley & Damiano 1998). In addition,
Thompson reported that children with CP show lower strength-generating capacity in all
lower extremity muscle groups, except for the hip extensors, compared to their healthy peers.
When the gross motor function classification system (GMFCS) levels are taken into account,
the muscle strengthening trainings are most commonly used in levels I-III. Children at this
level have better selective control and less coactivation and are therefore considered to tolerate
the specific progressive exercise training better. Muscle strengthening in children on level IV
and V is controversial due to the problems with motor control. Hydrotherapy is the most
popular muscle-strengthening method in children at this level (Finlay, 2012).

Previous reviews provide contradictory results about the effect of muscle strengthening
interventions. Although the investigators have proven that strength training in children with
CP increases their motor abilities, it has not been proven to create a positive change in their
functional capacities. The transfer of gains obtained with increased strength to functional
activities requires time. It is stated that changes in muscle power should be associated with
functional results. The increase in function is not parallel to the increase in isometric muscle
strength in studies conducted in children. Strength training in studies includes open chain or
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isokinetic exercises without weights and isotonic exercises with weights (Damiano et al.,
1995, Damiano et al., 1995). The strengthening effect is specific to the mode of exercise. The
transfer of exercises without weights to conditions with weights is quite limited as activities
with weights involve different and more complex muscle activity patterns. When strength
exercises involve close kinetic chain exercises that are more associated with function, the
transfer of the strength to functional motor performance improves. The person puts weight on
his feet and the body mass rises and falls with the concentric and eccentric activation of the
lower extremity muscles in these exercises. These movement characteristics are used in many
activities that involve the lower extremity, such as standing up and walking (Blundell, 2003).

Functional strengthening training, increase the power of the weak antagonist and responsible
spastic agonist and aim to provide functional benefits in children with CP (Damiano, et al.,
1995). Functional exercises are a combination of aerobic and anaerobic capacity and strength
training; they develop the physical fitness, activity intensity and quality of life in ambulatory
children (MacPhail, et al., 1995).

A treadmill can provide functional exercise and is a dynamic approach that can be used to
support the motor development of individuals with CP. The normal walking rate and distance
of individuals with CP increase with treadmill exercises (Cheng, et al., 2007, Dodd & Foley,
2007). Treadmills that support the body weight can be an option in individuals with CP who
have no gait ability (DiBiasio & Lewis, 2012).

Strength training is significant only when the aim is the development of a specific motor skill
or function. The functional gains of children without voluntary muscle control capacity from
a strength training program are therefore restricted. Surgical interventions such as muscle-
tendon lengthening, selective dorsal rhizotomy, botulinum toxin injection, and intrathecal
baclofen pump implantation can increase the muscle length or improve muscle control in these
children. Thus, strength training can be more effective and longer lasting effects can be ensured
(Miller, 2007).

Training the same muscle groups on different days is appropriate in children. Strength training
should be modified in the presence of muscle pain or when muscle pain and tension develops
with exercise. The child should be able to comprehend and consistently produce maximum or
almost maximum effort for strength training. Although strength training can be implemented
for children aged 3 years or older, it is therefore more realistic for children aged 4-5 years
(Miller, 2007). Despite the lack of an evidence regarding the harm of strength training, it should
not be forgotten that excessive physical effort may trigger seizures in children with a relevant
history.

4.3. Constrained Induced movement therapy

Constrained Induced movement therapy (CIMT) is a treatment approach based on restraining
the uninvolved upper extremity and exercising the involved upper extremity intensively. The
treatment protocol is based on the principle of the limitation of the nonaffected extremity and
forcing the patient to use the affected extremity during the day (Taub et al., 1999).
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Children with hemiplegic CP develop strategies and techniques during their growth and
development to perform their daily tasks with one hand. They discover that performing tasks
with the unaffected extremity is more effective and efficient even when there is only a mild
disorder in the affected extremity (Kuhtz et al., 2000). DeLuca introduced the term develop-
mental disregard to describe a child with hemiplegia who may disregard, or learn not to use,
the affected limb during the development of motor function. Although the behavior mecha-
nism in children with CP is similar to the consolidation of the unaffected extremity and not
using the affected extremity seen in adults, Eliasson has reported that learned disuse could be
adifferent condition in these children. As development in children continues, the term "learned
disuse" is replaced with "developmental disuse". A hemiplegic child cannot experience normal
motor function of the extremity, and the opportunity, experience and environment that allows
the child to learn how to use the affected extremity must therefore be created during therapy.
CIMT makes this possible (DeLuca, 2002). Studies that started with adults have spread to the
pediatric field. The frequency and intensity of the application were decreased and applications
modified for pediatric use in most of the studies (Charles et al., 2009, Pierce, 2002). A limited
number of controlled studies have been performed on CIMT and obligatory use in hemiplegic
CP (Hoare et al., 2007, Masciento et al., 2009). The restriction was ensured with various gloves,
splints or material in these studies and the duration of using the splints varied greatly.
Although studies vary regarding the restriction duration within the day, the concentrated
repetitive training of the involved extremity 3-6 hours a day with the aim of shaping motor
behavior has been shown to be effective (Masciento et al., 2009, Charles et al., 2006, Sakzewski
etal., 2001). CIMT involves providing verbal feedback for small progresses in accomplishment
of the task choosing specific tasks in order to address the motor deficiencies of the child, helping
the child in case he cannot complete the motion alone and during the realization of the motion
stages, and systematically increasing the degree of difficulty of the performed task (Hoare et
al., 2007).

The increased use of the affected extremities with CIMT is suggested to be due to an expansion
in the contralateral cortical area that controls this extremity's motion and the development of
new ipsilateral areas. This is reported to form the neural basis for the continuation of the use
of the affected extremity after the treatment (Morris & Taub, 2001).

Charles et al. reported improvement of hand function and two-point differentiation with CIMT
(Charles & Gordon, 2005, Charles et al., 2001), De Luca reported CIMT to increase dependent
reaching, grabbing, weight transferring in both upper extremities and the quality of the
involved upper extremity (DeLuca et al., 2003). Charles reported that modified CIMT increases
the efficiency of the movement in the affected extremity in a study with decreased intensity
and they described the method as "child friendly" (Charles et al., 2006). Gordon et al empha-
sized that both younger and older children benefited from CIMT in the same way and CIMT
was useful at any age (Gordon et al., 2006). Taub et al reported very good progress in the
functional use of the involved extremity in patients with the use of CIMT (Taub et al., 2007,
Taub et al., 2004). Cope et al showed evidence of cortical reorganization in hemiplegic children
in a pilot study (Cope et al., 2008). Although all these studies provide important data showing
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that CIMT is useful for the hemiplegic upper extremity, the advantages and disadvantages of
the method are still being discussed.

Disadvantages such as reduction in children's self-confidence along with decreased motivation
when the child finds the method difficult have been suggested with CIMT use in some studies.
Although it is said there are no medical complications related to the use of splints, there are
also studies indicating friction by the splint on the healthy side and mild contractures in the
joints of the long-term restricted extremity. An attempt is made to eliminate these negative
factors by decreasing the splint use duration, opening the splints at certain intervals and
checking the skin integrity, and getting the children do play games, get involved in outside
activities or join social activities such as trips or camps during CIMT. Charles, Ries, Naylor,
Eliason and Brandao emphasized in their studies conducted with young children that this
problem can be overcome by decreasing the restriction duration, extending the application
duration, and including more games and entertaining activities in the treatment program
(Charles et al., 2005, Cope et al., 2008, Ries & Leonard, 2006, Naylor & Bower, 2005, Eliason et
al., 2005, Brandao et al., 2009).

4.4. Electrical stimulation

Electrotherapy is the name given to any treatment or evaluation applied to the body from
outside by using electrophysical agents. Electrical stimulations within a wide range from low-
level stimulations such as to decrease pain, TENS or threshold electrical stimulation where
there is no muscle activation to neuromuscular electrical stimulation where active muscle
contraction is observed can be used (Wright et al., 2012). The rehabilitation of the pediatric
group is different than the adult group. The communication and cooperation skills as well as
the histological and physiological features of this group are different. Electrotherapy applica-
tions in children therefore have basic differences than those in adults and have special
applications (Palisano et al., 2006).

The main electrical stimulations used to increase muscle strength in children with CP are
neuromuscular electric stimulation (NMES) and threshold electrical stimulation (Kerr et al.,
2004). NMES is the application an electrical current intensive enough to cause muscle con-
traction. Electrodes are placed on the skin over the targeted muscles in order to reveal the
contraction. Two strengthening mechanisms are aimed for. The first of these is the loading
principle; muscle strength increase is ensured with an increase in the cross-sectional area of
the muscle. The selective development of type II fibers ensures the development of synaptic
efficiency in the muscle in the second mechanism (Reed, 1997).

NMES is used to help physiotherapy in order to increase strength, normal joint motion, motor
control and co-contraction and also to temporarily decrease spasticity. The results of studies
on the effect of NMES on spasticity and function vary. Although NMES is most commonly
used to create reciprocal relaxation in the antagonists of the spastic muscle, it can be used for
the same purpose by tiring the spastic muscles (Arya et al., 2012).

The use of NMES on children with spastic CP in order to develop gait parameters and
functional results has recently increased and it has become a popular technique in physio-
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therapy and rehabilitation. However, it has not been completely proven on which muscle
NMES is effective on in CP. The use of non-invasive NMES in CP has significant advantages
such as not being a surgical procedure and having relatively mild side effects (Arya et al., 2012).

Studies on the use of electrical stimulation in CP are limited and have provided various results.
According to the result of a meta-analysis by Cauraugh et al., electrical stimulation minimizes
activity limitation during the disturbance and the gait (Cauraughtetal., 2011). Although NMES
is used for the treatment of many clinical problems, the contraction required by the activity
the patient is participating in during stimulation is not task-specific (Kerr et al., 2004).

The use of neuromuscular stimulation for a functional target is also known as functional
electrical stimulation (FES) (Reed, 1997). FES can be defined as the stimulation of the nerve
and muscle electrically in order to produce the requested joint motion. FES can be used to
develop underlying motor control by increasing repetition of the specific task movement
(Kapadia et al., 2013). FES can develop motor control and decrease spasticity in hemiparetic
patients. FES is accepted to increase afferent input and activate neuronal plasticity (Pierber et
al., 2011).

Threshold electrical stimulation is defined as the application of low-level, subcontraction
electrical stimulation in the home environment during sleep. It is thought that the increased
blood flow will result in increased muscle mass as long as trophic hormone secretion is high
(Dali et al., 2002).

Another type of current used in physiotherapy is high-voltage pulsed galvanic stimulation.
This weak current has an extremely short pulse duration and causes minor electrochemical
pain during the stimulation (Noreau et al., 2008).

The use of electrical stimulation is recommended for muscle disuse atrophy, following cast
use, long-term orthosis use and postoperatively in children with CP. The use of electrical
stimulation in children younger than the age of two and in obese patients has been reported
to be contraindicated.

4.5. Hippotherapy

Horse-assisted rehabilitation practices are ancillary treatment methods that use the repetitive
rhythmic movement of the horse as their basis. The motivation of the child with CP and his
participation in the treatment in these applications, performed mostly in a natural environ-
ment, are usually positive as he is in continuous interaction with a living creature. The method
positively contributes to the physical, emotional, cognitive and social aspects of the children.
Horse-assisted rehabilitation practices can be divided into two as Recreational Horse Riding
Treatment (RHRT) and hippotherapy (Sik et al., 2012).

RHRT is performed with trained horses and a horse trainer and focuses on the progressive
protection of balance and posture, only using the slow and rhythmic gait of the horse. The
success of defeating the emotional fear and anxiety and going through the riding phases enable
the child to notice his own value and increases self-respect. The method provides motivation
to teach something new to the child in the cognitive sense (Sik et al., 2012). Hippotherapy
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consists of a physiotherapist or occupational therapist using the movements of the horse as a
therapy tool or method. Hippotherapy is an individual therapy that uses an interdisciplinary
team approach. The basis of the method is the horse gait providing a marked, soft, rhythmic
and repetitive movement model similar to the mechanics of the human gait (Winchester et al.,
2002). The movements of the horse have a dynamic effect on the body of the child. Pelvic
movements of the horse during the walk enable the pelvis and body of the child to move close
to a normal gait. There are also views that when this rhythmic movement is combined with
the neutral body temperature of the horse of 38 degrees, it decreases the hypertonicity in the
child with CP and provides comfort. Adapting to the movements of the horse activates the
muscles and joints and this can increase strength and provide a range of motion within time.
The movement of the horse generally provides various inputs and these help to develop joint
stability, weight transfer and postural balance responses in children with CP (Zadnikar &
Kastrin, 2011, Bertoti, 1988, Quint & Toomey, 1998).

Hippotherapy mainly aims to provide balance and proper body posture in various positions,
develop the child's sensory-motor and cognitive-motor skills, and gradually increase the
stretching and movement capacity of the child while the horse is moving at a slow pace. When
applied together with the neurodevelopmental treatment approach, it helps development of
rough motor functions regarding balance, posture and mobility and brings muscle tone to a
normal level in children with CP (Miller, 2007, Zadnikar & Kastrin, 2011).

There is a limited number of studies in the literature investigating the effectiveness of RHRT
or hippotherapy on rough motor functions and postural control in children with CP. Hippo-
therapy is reported to develop rough motor functions and improve postural control, and
contribute to balance, strength, coordination, muscle tone, joint range of motion, weight
transfer and body posture in children with CP in the majority of these studies. Hippotherapy
is also reported to have a positive effect on providing symmetry and functional motor skills
in children with cerebral palsy. Besides, it contributes to psychological self-confidence, self-
esteem, motivation, attention span, spatial awareness, concentration, and ability to speak
(Miller, 2007, Sik et al., 2012, Zadnikar & Kastrin, 2011, Quint & Toomey, 1998).

4.6. Aquatherapy

Aquatherapy is one of the physiotherapy methods used for children with CP (Blohm, 2011).
Aquatherapy can decrease spasticity, develop the tolerance to multisensor stimulators and
increase the circulation due to the effect of hydrostatic pressure. The purpose of this therapy
is to develop the ability of performing daily activities. Compared with the motions performed
on land, water facilitates positioning by decreasing the gravity effect, decreases the pressure
force applied to the joints, and therefore helps the children who cannot perform certain
activities on land to move more fluently and actively. Additionally, the viscosity and flow
characteristics of water increase body stabilization and help increase strength with the
resistance they provide (Dumas & Francesconi, 2001, Thorpe, 2005, Hillier, et al., 2010).
Aquatherapy also contains many elements of physiotherapy performed on land such as
resistance exercise, aerobic exercise, endurance and motor skills. It also involves adapting to
the water, functional independence, movement control in water, rotation, swimming and
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breathing activities. It is considered to provide psychosocial benefits (Ennis, 2011, Bumin, et
al., 2003).

The aquatherapy techniques used today are the Halliwick, Bad Ragaz and Watsu methods.
The Halliwick method commonly used in children with CP is divided into four stages: (1)
adapting to water, (2) rotation, (3) control of movement in water, (4) movement in water. The
essence of this method consists of 10 points focusing on postural control while learning how
to swim. The disabled individual first learns how to ensure balance in a supine stable position
and then how to maintain balance in an unstable position. In other words, the Halliwick
method is a motor learning program where the individual learns how to secure his balance
(Bumin et al., 2003).

Watsu shiatsu is an aquatherapy method that combines stretching, joint mobilization and
dancing. The movements of the individual are continuously supported during the session
(http://www.watsu.org.nz/.). Another therapy method is Bad Ragaz where the individual is
supported with floating devices and the therapist provides manual resistance to the individ-
ual's active movements. The therapist also applies facilitation that will provide proprioceptive
input in order to activate the weak muscles. The Bad Ragaz method uses the principles of
proprioceptive neuromuscular facilitation (PNF) (www.wcpt.org/apti/terminology).

5. Adulthood and cerebral palsy

Today, survival in childhood and adulthood CP continues to improve. The largest epidemio-
logical database is a series of 47 000 people registered as using services in the State of California
between 1983 and 2002 (Strauss et al., 2004). According to studies, survival has increased in
the last 20 years by 3.4% per year, even in the most disabled group. There are different factors
playing a role like improvement in nutrition, increased quality of care, and improvement of
society’s attitude to people with CP with a consequent provision of high quality medical care
(Kent, 2013). Individuals with mild CP have nearly normal life expectancy (Hutton & Pharoah,
2006). In a study, (Strauss et al., 2004) there was a mild decline in ambulation in late adulthood
and few who walked well initially maintained the skill over the following 15 years. Addition-
ally, there was also some evidence of a reduction in the abilities of upper extremity functions,
possibly related to upper limb contractures. Speech, self-feeding and the communication in
the wider community were all well continuous. Disabled people may suffer from intercurrent
illness that is suboptimally managed resulted by communication difficulties, discrimination,
or poor access to services compared to able-bodied peers, and this is more evident in younger
age groups (Cannell et al., 2011, Kent, 2013).

5.1. Survival in adults with cerebral palsy

Survival in childhood and adulthood CP continues to improve although adverse prognostic
factors include immobility, reduced upper limb function, and gastrostomy feeding. The largest
epidemiological database is a series of 47 000 people registered as using services in the State
of California between 1983 and 2002 (Strauss et al., 2004, Kent, 2013 ). Even in the most disabled
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group, survival has increased in the last 20 years by 3.4% per year. Improvement in nutrition,
increased quality of care, and improvement of society’s attitude to people with CP with a
consequent provision of high quality medical care all appear to be playing a role (Kent, 2013).
Individuals with mild CP have an almost normal life expectancy (Hutton and Pharoah, 2006).
The management of aging in individuals with physical impairment is anew medical challenge.
In a study of patients over 60 (Strauss et al., 2004) there was a mild decline in ambulation in
late adulthood and few who walked well initially maintained the skill over the following 15
years. There was also some evidence of a reduction in the ability to self-dress, possibly related
to upper limb contractures. Speech, self-feeding and the ability to communicate in the wider
community were all well preserved. People with disabilities may suffer from intercurrent
illness that is suboptimally managed because of communication difficulties, discrimination,
or poor access to services compared to able-bodied peers, and this is more evident in younger
age groups (Cannell et al., 2011, Kent, 2013).

5.2. Medical complications of cerebral palsy in adulthood

Medical problems in CP include those directly associated with the condition which may be
present on a lifelong basis; these can be anticipated and will need monitoring. Second are the
predictable complications of the condition such as worsening spasticity, where the main aim
of treatment is to prevent deformity, improve nursing care, facilitate therapy, and increase
tolerance of bracing (Kent., 2013 ).

Mechanisms of deterioration may include physical growth and weight gain, spasticity, and
deformity leading to biomechanical disadvantage and muscle weakness. Abnormal compen-
sations may break down with a loss of energy or fitness, for instance hip hitching for foot
clearance, use of hip adductors to pull through in the presence of hip flexor weakness, or
excessive use of lateral trunk flexion for gait progression. Spasticity is also a possible mecha-
nism for accelerating problems with osteoarthritis. The onset of osteoarthritis is common in
the general population and their various predisposing factors. In people with cerebral palsy,
including abnormal gait and congenital joint malalignment, it may be anticipated that the effect
of arthritis will manifest more rapidly and have a greater impact; people with mobility
impairments use more energy to mobilize, have skeletal malalignment, deformity, contracture
may contribute to pain and joint changes, and there is evidence of onset of musculoskeletal
alteration in performance at an earlier age in people with CP (Kent 2013).

Deterioration in ambulation is a frequent presenting complaint. Most individuals remain in
the same functional class of ambulation through adolescence and early adulthood. A large
longitudinal study of 7550 children at 10 years and 5721 adults at 25 years (Wu et al., 2004,
Day et al., 2007) showed that, although mostimproved their ambulatory capacity, 25% of those
who walk at 10 years lose the ability by the age of 25. Of those using a wheelchair on an
occasional basis, a third will be expected to lose their ability to walk by the age of 25, while the
rest will remain ambulant for the next 15 years. In aging in the able-bodied, physical work
capacity reduces, muscle strength generally is maintained into middle age, and complex
performance activities can show a grade change because of coordination and integration of
multiple functions, and these can be anticipated in those with a disability.
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Other risks of deterioration include physiological burnout (Pimm, 1992) as a result of fatigue,
reduced muscle power, dexterity, and mobility, intercurrent illness, and injury. Long bone
fractures and prolonged immobilization and cognitive and depressive factors may also be
important, although these can be interrelated (Ando & Ueda, 2000, Jahnsen et al., 2003; Strauss
et al., 2004, Opheim et al., 2009). How individuals perceive their body influences how they
manage everyday life and use coping mechanisms. In spite of this, life satisfaction in CP is
similar to that in the general population, certainly in the Swedish and German populations
(Sandstrom, 2007; Hergenr€oder & Blank, 2009). Pain and loss of function are more distressing
than the overall level of functioning (Andren & Grimby, 2004) and should be treated appro-
priately.

The most common cause of death in CP is respiratory related (Reddihough et al., 2001). If
people survive into their 40s and 50s cardiovascular disease (Krigger, 2006) and neoplastic
disorders become more significant (Poulos et al., 2006). It is thought that there is an increase
in mortality from cancer, stroke, and heart disease, partly due to lack of early detection and
poor surveillance; breast cancer mortality is around three times the national rate. The incidence
of cardiovascular and cerebral vascular conditions is two to six times higher than in the general
population. The prevalence of poor health in patients with CP is not known as many do not
present to health services. In a widely quoted study it was found that individuals had problems
with kyphoscoliosis (26%), lower extremity contractures (71%), poor nutrition, i.e., under-
weight (60%), skin/hair problems (31%), bladder (56%) and bowel dysfunction (53%), and
overall health problems that would warrant health service intervention (59%) (Thomas et al.,
1989). The exact incidence of complications reflects the type, distribution, and age of subjects
within the studies. The literature tends to support the view that individuals with CP “adjust
to their own normality.” In one study of the health of a group of women with a mean age of
37.5years, around 68% were able to walk and 50% were independent in activities of daily living
despite over a third of them having some degree of learning disability and 40% a seizure
history.

Eighty-four percent complained of any sort of pain, 59% of hip and back deformities, 56% had
bowel problems, 49% bladder problems, 43% had poor dental health, and 28% gastro-
oesophageal reflux (Turk et al., 1997). In a similar vein, in a Swedish study 84% lived in their
own home, 24% worked full time, and 64% could walk with or without aids. As many as 35%
reported deterioration in walking ability and 9% had stopped completely. The prevalence of
specific problems was 77% with spasticity, 80% with some contractures, and 18% with daily
pain. In spite of this 60% regarded themselves as active and 54% were unlimited in their
community mobility (Andersson & Mattsson, 2001).

Pain is an important underreported symptom. Common causes include osteoarthritis, soft
tissue rheumatism, overuse injuries, fractures, and postural deformity. In one study 27% of
the adults with CP had chronic pain compared with 15% in the general population (Loge &
Kaasa, 1998; Jahnsen et al., 2004a, b). In adults with CP, however, pain did not increase with
age, which is different from the general population (Gajdosik & Cicirello, 2001). The most
frequent site was back pain, both in adults with CP and in the general population. Pain in
different body parts was associated with those exposed to special strain in the different types
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of CP, for example a high prevalence of neck and shoulder pain in persons with dyskinesia.
More pain was significantly associated with being female, having a high fatigue score, low life
satisfaction, and low and deteriorated physical function. Pain was associated with both
overuse and inactivity. In a systematic review of studies including those that included adults
with CP, psychosocial factors were shown to be significantly associated with pain and
dysfunction in all disability groups. The psychosocial factors most closely associated with pain
and dysfunction across the samples included: (1) catastrophizing cognitions; (2) task persis-
tence, guarding, and resting coping responses; and (3) perceived social support and solicitous
responding social factors. Psychosocial factors are significant predictors of pain and function-
ing in persons with physical disabilities. It is probable that psychosocial interventions are as
helpful in patients with CP as in the general population, but this needs further research (Jensen
etal., 2011).

In one series 76% of community-living adults self identified more than one muscular skeletal
complaint and 55% of these had sustained fractures (Murphy et al., 1995). Pain limits activity
(Turk et al., 1997), and two-thirds can anticipate having moderate to severe, 24% constant, and
56% daily pain. In another study 32% reported dissatisfaction with pain management (Engel
et al., 2006). Other causes of chronic pain in musculoskeletal disorders include hip dysplasia
(Hodgkinson etal., 2001) leading to postural problems and back pain. A wide variety of chronic
pain syndromes include back pain, spinal stenosis, and degenerative disk disease. Individuals
coped well with pain considering its duration and persistence (Castle et al., 2007). Joint pain
may be related to primary or secondary osteoarthritis, as well as spasticity, contractures, or
co-contraction leading to gait disturbance, for example spastic equinus and hyperextension of
the knee.

Gait analysis and appropriate use of focal treatment of spasticity orthotics can be helpful in
management. In one study 64% of ambulators and 91% of nonambulators had contractures,
27% had pain in weight-bearing joints, and 21% had muscle pain and spasm (Murphy et al.,
1995). Similar findings were pain (59%) and joint deformities (19_57%) which were observed
in a cohort of 25-36-year-olds, many of whom had lost contact with follow-up services
(Hilberink et al., 2007).

Cervical myelopathy is an important reversible cause of deterioration, particularly in those
with dyskinetic CP. It has been postulated that cervical instability, disk herniation, spondylo-
sis, osteophytes, and stenosis of the spinal canal may all lead to this condition (Fletcher &
Marsden, 1996; Amess et al., 1998).

Metabolic bone disease is more prevalent in institutional environments and vitamin D
supplements may need to be considered in such groups. Osteoporosis is also common in
people who are immobile, have never been mobile, those with neuroendocrine abnormalities,
and those who have used anticonvulsants (King et al., 2003). Osteoporosis can give rise to low
impact fractures of either the vertebrae or long bones such as the femur.

Falls risk can also increase the prevalence of fractures. One series gave 30% as having suffered
from a fracture (Murphy et al., 1995). Soft tissue rheumatism includes tenosynovitis and elbow
or hip bursitis. Some of this is related to problems associated with abnormal forces across joints
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worsened by spasticity and deformity. The use of crutches can be associated with ulnar
neuropathies, and self-propulsion of wheelchairs can also lead to shoulder and elbow prob-
lems.

In hemiplegia,musculoskeletal overuse injuries may affect the unaffected side. One study
reported that 10% of a mixed CP sample and 20% of people with dyskinesia had carpal tunnel
symptoms (Murphy et al., 1995).

6. Conclusion

The main problem in CP is locomotion. Problems in muscle tone, muscle strength, balance,
and reflex development affect the motor development and the muscle contracture, joint
limitation, postural disorders added in later years decrease motor performance. The evaluation
of these problems in detail and the use of the appropriate approaches are of vital importance.
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1. Introduction

Cerebral palsy (CP) is a lifelong cause of disability, with an incidence of around 2 per 1000
people (Himmelmann 2013). It is the most common cause of physical disability in childhood,
and children are commonly treated by specialized pediatric services from a broad range of
disciplines. Adults with CP are a growing community who are now recognised as outnum-
bering children 3:1 in some countries (Access Economics 2008). With advances in healthcare,
itis now usual for those who walk during childhood to have a relatively normal life expectancy
(Strauss, Brooks, Rosenbloom and Shavelle 2008). Over recent times, the need to consider CP
as a lifespan, rather than childhood condition has been highlighted, with particular interest in
the reported difficulties that emerge during the adult years (Tosi et al. 2009; Morgan and
McGinley 2013).

Throughout childhood it is common for much emphasis and resources to be directed at gaining
and optimizing walking ability, through a variety of established rehabilitation, medical and
surgical interventions. Although around 60% of individuals are able to walk independently
or with aids when entering adulthood (Himmelmann 2013), it is common for walking to
deteriorate in early and middle adulthood with many young to middle-aged adults describing
worsening or loss of walking ability (Morgan and McGinley 2013). The lifespan health
challenges faced by this group have been previously poorly described, are arguably still poorly
understood, but are now the focus of urgently needed new research directions in CP (Tosi et
al. 2009). Many adults with CP commonly develop secondary conditions, such as osteoarthritis
(OA), pain, fatigue or falls. Maintaining the ability to walk or maintaining flexible mobility
options is important to enable societal participation, maintain employment and retain
independence. This chapter provides an overview and exploration of current knowledge of
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mobility decline in adults with CP, and considers service provision in the context of lifelong
rehabilitation.

2. Current knowledge of mobility decline and associated factors in adults
with CP

2.1. Mobility decline and associated factors

Accumulating reports provide clear evidence that many adults with CP experience a decline
in walking ability during adulthood. In childhood, understanding of the maturation and
change in functional mobility over time has been greatly enhanced by the development of the
Gross Motor Functional Classification System (GMFCS) and the reporting of typical ‘curves’
to reflect motor performance over time (Palisano et al. 1997; Hanna et al. 2009). The recent
extension of this data to extend to age 21 suggests that deterioration in function may begin in
more impaired children from around age 8 (Hanna et al. 2009). Such similar curves are not yet
available for adults, although trends in data from the large studies by Strauss and colleagues
suggest a similar profile of decline (Strauss, Ojdana, Shavelle and Rosenbloom 2004; Strauss
et al. 2008). A recent systematic review of 16 studies reporting gait decline in adults found
variation in the incidence of decline, but with most studies reporting decline affecting around
30% or more of the study participants (Morgan and McGinley 2013). Figure 1 illustrates the
proportion of adults who experience decline in walking ability from a selection of studies.

Murphy (1995)
Balandin (1997)
Furukawa (2001)
Bottos (2001)
Jahnsen (2004)
Sandstrom (2004)
McCormick (2007)
Opheim (2009)
Maltais (2010)
Anderson (2001)

Maanum (2010)

Opheim (2012)

Morgan (2013)

0 10 20 30 40 50 60 70
Percent of sample of adults with CPreporting deteriorationin gait

Figure 1. The proportion of adults with CP who experience decline in walking from a range of studies of adults with
CP.
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A number of studies have now provided insights into factors associated with a higher risk of
decline. Unsurprisingly, the most recognised predictor of long term walking function stability
is ability during childhood, with age of walking debut associated with likelihood of decline
(Bottos et al. 2001; Jahnsen et al. 2004). Similarly, those individuals with poorer gait function
requiring the use of gait aids during childhood (GMFCS level III) are more likely to report a
deterioration in walking ability, or stop walking entirely (Jahnsen et al. 2003; Opheim, Jahnsen,
Olsson and Stangelle 2009). Individuals who are older also appear to be at greater risk of
decline. Jahnsen et al (Jahnsen et al. 2004) found that the risk of deterioration progressively
increased across age bands from 25 to 45 years, with over 70% of those aged over 45 years
reporting a decline in walking. The age of deterioration appears associated with the motor
impairment, with the median age of deterioration reported in people with bilateral CP to be
37, compared to 52 in those with unilateral symptoms (Opheim et al. 2009). At even older ages,
the potential for more rapid decline may be increased, with around 40% of those walking
independently and climbing stairs unassisted at age 60 losing this ability prior to age 75
(Strauss et al. 2004).

As well as worsening walking function, many previously ambulant adults with CP report
stopping walking altogether at a wide range of ages. Often this occurs relatively early in
adulthood, in the early 20’s and 30’s (Morgan and McGinley 2013). For some individuals, it
may be that this primarily reflects the inevitable consequence of decline in function, with loss
of ability or confidence. Alternatively, for others it may simply reflect their personal choices
in response to their current or changing symptoms, environment, life activities, or vocational
pursuits. For example, a previously ambulant adult may decide to use a wheelchair to travel
greater distances, to save energy for other activities, or for greater time efficiency (Jahnsen et
al. 2004). Similarly, individuals may choose strategies to prevent falling and remain safe, for
example, electing to use a wheelchair or scooter (Horsman, Suto, Dudgeon and Harris 2010).
Conversely, others may choose to stay walking because they view wheelchairs or scooters as
compromising their independence (Horsman et al. 2010), and may commence using a gait aid
to optimize this choice.

The nature of primary motor symptoms and secondary medical conditions also appear to
influence an individual’s likelihood of decline. Adults with bilateral syndromes, quadriplegia
or choreoathetosis are more prone to report problems than those with hemiplegia with milder
deficits, who are likely to walk well until their 50’s or beyond (Morgan and McGinley 2013).
Similarly, higher levels of pain, higher pain intensity, and higher levels of fatigue are also
associated with self-reported deterioration (Morgan and McGinley 2013). Many studies have
explored the perceived causes of gait decline from the self-reported perspective of the
individual. Reduced balance is the reason most commonly reported as a possible cause,
nominated by over 60% of adults in the studies by Jahnsen, Opheim and colleagues (Jahnsen
et al. 2004; Opheim et al. 2009). Perceived difficulty with balance is also consistent with the
observation by Bottos and colleagues (Bottos et al. 2001) that many individuals experience ““a
rising sense of near-falling’” as they age, due to progressive postural instability associated with
increased additional weight and other aging factors. Falls or marked insecurity when walking
were also cited as causal factors leading to cessation of walking by nine of the 13 people in one
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study who stopped walking (Bottos et al. 2001). Figure 2 illustrates many of the common factors
self-reported as perceived causes of gait deterioration.

Worsening

Balance
Loss of

fitness

Perceived
causes of
gait decline

Increased
Spasticity

Falls, fear

of falling

Loss of
Fatigue muscle
strength

Figure 2. Key self reported factors from adults with CP potentially associated with a decline in mobility

2.2. The nature of gait decline

Gait decline is a multidimensional construct and a great deal of further research is needed to
gain a better understanding of the nature of changes experienced by individuals as they age
with CP. Adequate walking function is a complex task that requires an individual to success-
fully navigate varied environments in order to complete personal goal-directed tasks. Phys-
iological changes in any of the systems underpinning motor control or dynamic balance may
impact on walking, such as changes in strength, sensation, vision, vestibular function or
cognition. Additional symptoms due to secondary conditions such as fatigue, pain, or
shortness of breath may also impact on function, as may changes in self-efficacy such as fear
of falling or loss of confidence.

A wide range of factors may also influence an individual’s perception of their own ability. One
individual with mild disability may self-report decline due to a reduced ability to walk long
distances, or the need to hold a rail during stair walking. A more impaired individual at
GMECS III may reduce their walking activity and rely on a wheelchair to achieve vocational



Mobility in Ambulant Adults with Cerebral Palsy — Challenges for the Future
http://dx.doi.org/10.5772/58344

or recreational demands, yet not perceive a change in walking ability. The accumulation of
literature does not offer a comprehensive understanding of how walking changes for adults
with CP. Reported common changes include the need for greater assistance, or aids to walk,
or the use of a rail on stairs, walking shorter distances or walking only indoors. Other reports
suggest that it is common for walking to become slower, unsteadier, and more difficult in
varied outdoor terrains. Symptoms such as pain, fatigue, shortness of breath or concern about
falling also may be limiting factors (Morgan and McGinley 2013). The nature of walking decline
is also challenging to interpret from the literature due to the diversity of outcome measures
used in different studies. Measures of walking may capture what the person “does in their
daily environment” (performance), what they ““can do in their daily environment” (capability),
or what they “can do in a controlled standardized environment” (capacity) (Holsbeeke,
Ketelaar, Schoemaker and Gorter 2009). Although highly related, these measures are not
interchangeable, as capacity and capability may differ and often exceed everyday actual
performance. Future longitudinal studies with measures reflecting all three constructs are
needed to distinguish and detail objective changes in gait across a range of environmental
contexts. These measures could be considered in conjunction with the individual’s perceived
(self-reported) capabilities, self-efficacy and personal mobility preferences.

Evidence-based knowledge about decline in mobility is markedly limited, and the causes of
gait decline are likely to be multifactorial. Current attempts to understand the causes of gait
decline are limited by the absence of longitudinal studies that measure gait and provide
detailed participant characteristics, preferably from large population based samples. It is also
likely that the outcomes of the current generations of adults have been influenced by their
treatment during childhood, and may thus vary across age ranges. For example, over the last
one to two decades, botulinum toxin therapy, gait analysis to guide surgical planning and
single-event multilevel surgery (SEMLS) have been introduced and become standard practice
in many specialized tertiary centres. Access to and uptake of these recent treatments may lead
to different or better outcomes than in past times. Current and relatively recent cohorts of
children may therefore enter adulthood with better limb and joint alignment or different gait
ability than cohorts from two or more decades past. Many of the adults who report decline are
in their mid 30’s to 40’s and have likely to have undergone historically different treatment
plans to those in current practice. A recent study of outcome after childhood SEMLS surgery
guided by gait analysis suggests that gait patterns appear to be largely stable for periods up
to 10 years after surgery (Gannotti, Gorton, Nahorniak and Masso 2010). Although promising,
it remains uncertain yet whether apparent biomechanical stability of gait patterns will also be
accompanied by stable self-reported appraisals of walking. For example, although an indi-
vidual’s gait pattern may remain stable with respect to the kinematic pattern, increasing pain,
loss of confidence or falls, or even a change in vocational or recreational demands may lead to
an individual walking less, using a gait aid, or preferring to adopt alternative mobility choices.
Well designed studies are therefore urgently required to clarify the longer term outcomes of
contemporary standard interventions. The greatest and clearest insights will be provided by
longitudinal studies of defined cohorts, who have well-detailed treatment records and existing
measures of gait biomechanics and function using high quality outcome measurement tools
in conjunction with qualitative methods.
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3. Fear of falling and falls in CP across the lifespan

3.1. Falls frequency in adults with CP

Difficulty with balance or falls is frequently self-reported by adults with CP as a main reason
for changes in mobility throughout adulthood (Opheim et al. 2009; Morgan and McGinley
2013). Identification, early prevention, remediation and monitoring of falls and falls risk factors
is now recognised as a standard component of best practice health care in older adults.
Surprisingly, there is very little information on falls in adults ageing with CP. Mosqueda
(Mosqueda 2004) alarmingly reported that 40% of a cohort of adults with CP (mean age 44
years) fell monthly, and 75% fell at least every two months. More recent literature (Opheim,
Jahnsen, Olsson and Stanghelle 2012; Morgan and McGinley 2013) also reported frequent falls
experienced by adults with CP, with some reporting two or more falls each week. Falls rates
were high, with 80% of ambulant individuals in the study by Opheim falling five or more times
in the past year (Opheim et al. 2012) and 68% of those in the prospective study by Morgan
falling during a six month period (Morgan and McGinley 2013). For many adults ageing with
a disability, falls have been an accepted ‘way of life’, perhaps regarded as a natural conse-
quence of impaired mobility throughout childhood and beyond. However, whereas it may be
considered acceptable and common to fall in childhood and adolescence, the physical and
social consequences of falling in adulthood become more serious over time, particularly with
the potential occurrence of co-morbidities such as osteoarthritis or osteoporosis. For other
ambulant adults with CP, falling may be a new development, as a result of the onset of newly
acquired mobility and balance decline. Evidence suggests that falls frequency in adults with
CP may be as high or higher than other commonly occurring neurological disorders such as
Parkinson’s disease or stroke (Mackintosh et al. 2005; Pickering et al. 2007).

3.2. Falls consequences in adults with CP

The common consequences of falls in older adults include minor soft tissue injuries (55%), with
fractures or lacerations and fractures requiring hospitalization occurring less frequently
(5-10%) (Nevitt, Cummings and Hudes 1991). Much less is known about the injuries incurred
by falls experienced by adults with CP. For this group, falls have been reported as less likely
to result in minor soft tissue injuries, possibly due to the greater integrity of soft tissue
compared to older adults (Morgan and McGinley 2013). However, the rate of serious injuries
is equivalent, around 10% (Morgan and McGinley 2013), with fractures and serious lacerations
requiring medical attention evident. Furthermore, the functional consequences and outcome
of serious injuries in adults with CP may be significant. For example, a fractured wrist may
result in an inability to use a gait aid, dress and shower independently, or use a wheelchair
for longer distances. It is likely that the consequences of falls in the older adult - fractures, soft
tissue injuries, fear of falling, plus costs and resources associated with hospital admissions,
carer requirements, rehabilitation and supported accommodation (Watson, Clapperton and
Mitchell 2010) — may be similar to those experienced by ambulant adults with CP.

It is recognized that individuals with other neurological conditions and older adults typically
reduce their activities as a consequence of a fall (Pieterse et al. 2006). Similarly, older people
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who fall frequently implement changes post-fall such as seeking assistance with shopping
(Murray, Hill, Phillips and Waterston 2005), or bathing. Adults with CP appear less likely to
change their activities as a result of a fall (Morgan and McGinley 2013), possibly due to
habituation to long-standing falls, or reduced focus on risk taking behavior.

3.3. Fear of falling

Fear of falling is increasingly recognised as a serious consequence of falls in the healthy older
adult. In older adults, falling predicted poorer physical health, greater negative emotions and
less physical activity due to self-imposed restriction (Ruthig et al. 2007). For adults ageing with
a physical disability, any potential limitation in physical activity is undesirable. Eighty-two
percent of adults with multiple sclerosis who reported fear of falling, admit to subsequent
physical activity restriction (Peterson, Cho and Finlayson 2007). The Falls Efficacy Scale-
International (FES-I) is an instrument to assess level of ‘concern” about falling, a term closely
related to fear (Yardley et al. 2005), and has been found to be predictive of falls in longitudinal
research (Delbaere et al. 2010). Recent research has indicated that moderate fear of falling is
experienced by ambulant adults with CP (Opheim et al. 2012; Morgan and McGinley 2013),
according to the FES-I, at a level equivalent or higher than that reported in elderly people who
were treated for fall related fractures (Nordell, Andreasson, Gall and Thorngren 2009), and
ambulant adults with stroke or Parkinson’s disease (Faria, Teixeira-Salmela and Nadeau
2009; Allen et al. 2010). Interestingly fear of falling appears not to be related to falls frequency
(Morgan and McGinley 2013) or the presence of recent mobility decline in adults with CP. This
may reflect longstanding awareness of balance and mobility dysfunction that is different to
the more recently acquired balance decline in older adults or those who have acquired health
conditions.

3.4. Falls risk assessment

Recommended protocols now exist for the assessment of falls and balance dysfunction in older
adults with the inclusion of a battery of objective measures (e.g. timed up and go (TUG), 10
metre walk test), and the use of standardised assessment tools to identify level of falls risk.
Performance on these measures can assist prescription of targeted rehabilitation, and imple-
mentation of falls risk reduction strategies. Although these tools are not typically used in CP
management, they have been extensively used in other older adult and disabled populations
to describe and define falls risk (Berg, Wood-Dauphinee, Williams and Gayton 1989; Podsiadlo
and Richardson 1991; Russell et al. 2008).

A recent study used the FROP-Com (Falls Risk in Older People — community) risk assessment
tool to appraise falls risk in adults with CP (Morgan and McGinley 2013). The FROP-com was
developed as a tool to evaluate falls risk in community dwelling older people (Russell et al.
2008). The majority of adults with CP who fell were considered at ‘mild risk” of future falls,
according to their FROP-com scores (Russell et al. 2008), considerably underestimating their
ongoing falls risk. Currently available tools such as the FROP-com, developed to identify
multifactorial risk factors typically present in older people such as multiple medications,
footwear and continence, appear to lack sensitivity in identifying falls risk factors in adults
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with CP. For example, in the study by Morgan and McGinley (Morgan and McGinley 2013),
no adults with CP demonstrated problems with footwear, in contrast to 70% of people who
fell and 50% of people who did not fall in an elderly cohort (Murray et al. 2005). The evidence
to date suggests that ambulant adults with CP who fall do not have higher falls risk factors (as
identified by current risk ‘tools’) than those who do not fall (Morgan and McGinley 2013).

3.5. Interventions to reduce falls risk in adults with CP: An evidence gap

Effective falls prevention has the potential to prevent injury, improve quality of life, and
decrease the likelihood of subsequent fear of falling and activity restriction. Published clinical
practice guidelines on the prevention of falls in older adults have summarised effective
interventions to address single or multifactorial causation. For example, strength and balance
re-training, tai chi, medication review and management of Vitamin D deficiency may be
advocated to address risk factors in older adults experiencing falls (Campbell and Robertson
2007). Similar interventions have been trialed and evaluated in Parkinson’s disease and stroke
(Pickering et al. 2007; Batchelor et al. 2012) but not as yet in adults ageing with CP. A systematic
review reported that structured exercise programmes may increase habitual physical activity
levels in people with CP, however none to date have evaluated the impact on falls (Bania, Dodd
and Taylor 2011). Although it is tempting to assume that effective interventions applied to
older adults or adults with acquired neurological dysfunction may apply to adults with CP,
there is no evidence to support this proposal. Many adults with CP begin to fall, or increase
their falling behaviour as a result of age-associated mobility decline. Falls consequences can
have significant impact on physical, social and economic outcomes. Current falls risk assess-
ment tools appear to have limited application to adults ageing with CP. Adults with CP who
seek health services to address mobility decline are typically not provided with comprehensive
falls prevention or falls risk reduction strategies. Practitioners working with adults with CP
need to consider falls management as an essential component of care.

4. Common musculoskeletal disorders that impact on mobility

Adults living with CP are at risk of developing or worsening secondary musculoskeletal
conditions as they get older. In ambulant adults with CP these secondary conditions often
contribute to functional decline, consequently reducing independence with activities of daily
living, participation in the community, social interactions and psychological wellbeing. The
emergence and changing nature of secondary musculoskeletal conditions reflects the contem-
porary recognition of CP as a condition in which the brain lesion itself is static and non-
progressive but accompanied by secondary musculoskeletal problems, which typically do
progress. The functional impact of CP therefore can be changing and dynamic across the
lifespan, and thus evidence based knowledge to develop and evaluate interventions that limit
or prevent secondary health conditions are urgently needed. Some of the most commonly
reported musculoskeletal conditions include pain, osteoarthritis and fatigue. Specific evidence
of the prevalence and impact of these and other musculoskeletal symptoms is gradually
building, yet currently limited in detail, often poorly differentiates between adults who are
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ambulant and those who are more functionally impaired, and remains primarily based upon
cross-sectional samples of convenience.

Pain is very common in the lifelong experience of living with CP, with estimates of prevalence
of any type or site of pain ranging to over 80% (Turk, Geremski, Rosenbaum and Weber
1997; Schwartz, Engel and Jensen 1999; Jahnsen, Villien, Stangelle and Holm 2004). Acute and
chronic pain both occur, with reportedly nearly one third of adults with CP incurring chronic
pain (Jahnsen et al. 2004). Pain is the most consistent musculoskeletal disorder reported by
adults living with CP (Turk et al. 1997) and is proposed to be directly linked to age and
increased inactivity (Vogtle 2009), with deterioration of functional skills found to be signifi-
cantly associated with chronic pain (Jahnsen et al. 2004). Notably, pain was also the physical
symptom most frequently associated with CP by a survey of rehabilitation physicians
(Hilberink et al. 2007). Reported pain locations varied widely but commonly include the back
and neck, along with the hips, knees and feet. Pain often affects multiple body areas, with a
large longitudinal study finding that it was typical to experience pain at multiple sites, with a
median of three locations identified (Opheim, Jahnsen, Olsson and Stanghelle 2011). Pain was
reported by many individuals to be worsened by overexertion and fatigue and improved by
rest, physiotherapy, or participation in exercise (Schwartz et al. 1999; Jahnsen et al. 2004;
Opheim et al. 2011).

The relationship between pain presence, location and an individual’s level of function is not
yet well understood, although data from two studies suggests no association between pain
and GMFCS level (Sandstrom, Alinder and Oberg 2004; Hilberink et al. 2007). This may be
expected as it is likely that many individuals experience pain, but perhaps due to different
profiles of physical symptoms. For example, back pain may be related to a severe postural
deformity or scoliosis in a non-ambulant person, or to excessive movement and joint load in
an ambulant person. Adults with CP who walk tend to have excessive pelvic tilt and a larger
range of lumbar rotation during gait, which is likely to contribute to or possibly exacerbate
low back pain, potentially leading to lumbar spondylolysis (Harada et al. 1993; Opheim et al.
2011). The accumulating toll of weight bearing on joints with abnormal alignment, including
cavus feet, knee deformities and displaced hips can in the long term also lead to the onset of
pain in the affected joints during ambulation. In unilateral CP, it is also suggested that
asymmetry in motor control could lead to overuse of the non affected side, ineffective
recruitment of available muscles and asymmetrical joint loading further contributing to back
pain (Opheim et al. 2011). Of interest, however, a study by Opheim and colleagues (Opheim
et al. 2011) did not find there to be a correlation between the number of pain sites and psy-
chological health in this population. This may be reflective of life long experience of pain from
childhood onwards, possibly resulting in better coping strategies in comparison to general
public.

Other musculoskeletal disorders in adults with CP can be classified as deformities and they
too have the potential to impact on an individual’s ability to walk. Relatively common
musculoskeletal deformities include subluxations or dislocations of the hip, structural
abnormalities of the foot/feet, patella alta, pelvic asymmetry/obliquity and contractures of
various muscle groups (Gajdosik and Cicirello 2001). Hip subluxation or dislocation is an
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acquired condition resulting from muscle imbalance, persistent bony mal-alignment and
altered patterns of weightbearing, affecting an estimated 18% to 59% of individuals with CP
(Root 2009). It is unknown what proportion of adults with CP who walk have abnormal hip
joint structure, but it is well recognised as a common factor causing many adults to stop
walking due to the development of painful joint degeneration. A number of small case series
studies have emerged that outline surgical interventions for hip joint misalignment and
degeneration, with individuals reporting improved pain and walking function after surgery
(Root 2009; Shroeder et al. 2009). A follow up study of 16 ambulatory adults 10 years after hip
arthroplasty found that this surgery can provide long-term pain relief and improved function,
albeit with a higher complication rate than in non-CP individuals (Shroeder et al. 2009). Patella
alta is another relatively common condition in ambulatory adults with CP, often associated
with longstanding anterior knee pain or a crouch gait pattern. Stress fractures and pain can
occur due to the underdeveloped and poorly aligned patella, in conjunction with altered
tendon structure. Surgical interventions including distal femoral extension osteotomy and
patella tendon surgery are now common during adolescence (Novacheck, Stout, Gage and
Schwartz 2009), but the long term outcomes of such interventions in adulthood are unknown.

Osteoarthritis is also a common cause of pain for patients with CP and typically has an earlier
onset in this population group when compared to the non CP population (Gajdosik and
Cicirello 2001). It is thought that the altered joint loading patterns in childhood due to delayed
weight bearing and altered muscle activity can lead to poor joint integrity and irreversible
damage to the articular cartilage of the joint surface, consequently developing early onset OA,
predominantly seen in the hip, knee and feet (Carter and Tse 2009). No large sample population
data exists to indicate how common OA is, and who is affected. It is likely that the joint
distributions and severity of OA may vary between ambulant and non-ambulant adults, and
may also relate to the movement disorder type. Some studies report the incidence of hip OA
tobe as high as in 59% of non-ambulant adults living with CP (Boldingh et al. 2005). Individuals
with more severe CP are thought to develop OA at a higher rate, as reduced weight-bearing
and restricted range of motion does not provide sufficient cyclic loads to different areas of the
hip that is needed to maintain cartilage (Carter and Tse 2009). Another study found clinical
evidence of OA in 27% of young adults with CP between the age of 15 and 25, occurring more
commonly in those who could walk (Cathels and Reddihough 1993). Population based studies
to investigate the occurrence of OA with radiological confirmation are needed to determine
the prevalence of this common debilitating secondary condition.

Fatigue is also common in adults with CP and potentially associated with both decline in
walking or adoption of alternate mobility choices. Adults with CP reported significantly more
physical fatigue than the general population, with fatigue levels associated with pain and
deterioration of functional skills (Jahnsen, Villien, Stangelle and Holm 2003). In a recent study
of mostly ambulant adults with CP, 20% of the sample was fatigued and a further 41% were
severely fatigued (Van der Slot et al. 2012). Of concern, there was a high prevalence and
relatively frequent co-occurrence of chronic pain, fatigue, and depressive symptoms (Van der
Slot et al. 2012).
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5. Physical activity

Physical activity is important for health and wellbeing across the lifespan and is an
important part of healthy aging. Strong evidence has linked participation in regular
moderate-intensity physical activity to a wide range of health and social benefits. Physi-
cal activity is particularly important for those living with a chronic disability such as CP,
in order to maintain long term health and to prevent secondary complications of disabili-
ty. Chronic conditions that cause mobility problems are known to place individuals at
greater risk of inactivity (Ashe, Miller, Eng and Noreau 2009) increasing the likelihood of
developing long-term negative health consequences such as cardiovascular disease or poor
bone density (Carlon, Taylor, Dodd and Shields 2013). As individuals with CP age and
become less active, they may also be at greater risk of lifestyle-related diseases, such as
diabetes mellitus or obesity. Encouraging physical activity (PA) is important for health
promotion, and may have beneficial effects on secondary conditions and on functional
independence, social integration, and well being (Buffart et al. 2009).

Being active across the life span can pose additional challenges for those with physical
disability. Evidence has shown that children with CP engage in significantly lower levels of
habitual physical activity than their peers, and less than recommended guidelines (Carlon et
al. 2013). Relatively few studies have examined physical activity of adults with CP. Most
studies suggest that this group have lower levels of physical fitness and are less active than
able bodied peers (Nieuwenhuijsen et al. 2011), with the exception perhaps of those with mild
unilateral deficits (van der Slot et al. 2007). Data from a larger study by Jahnsen et al (Jahnsen
et al. 2003) also suggests that physical activity may decline over time, with many inactive
individuals reporting a reduction/cessation of physical activity over recent years. Those who
were physically active were found to demonstrate a reduction in risk of mobility decline, with
deterioration in gait associated with higher odds ratio for inactivity (Maltais, Dumas, Boucher
and Richards 2010). Of particular interest, a recent systematic review found preliminary
evidence suggesting that exercise and online support programmes can increase habitual
physical activity in people with CP (Bania et al. 2011).

The determinants of regular physical activity in this group have not been well defined. To
describe factors associated with PA in people with a physical disability, van der Ploeg et al.
(van der Ploeg, van der Beek, van der Woude and van Mechelen 2004) proposed the Physical
Activity for People with a Disability (PAD) model (Figure 3). This model explicitly considers
the determinants of physical activity within the context of the environmental factors and
personal factor components of the International Classification of Function model. The PAD
model highlights the importance of social influence and environmental barriers and facilita-
tors, including factors such as support and opinions of family, friends and healthcare profes-
sionals, and transport, access and assistance provision where needed. Within the personal
factors component, key behavioural factors such as self-efficacy, intention and attitude are
considered, in conjunction with the health condition. This framework is highly relevant to
adults with CP, but as yet the determinants have not yet been explored in a comprehensive
nor systematic manner.
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Figure 3. The Physical Activity for people with a disability (PAD) model; Van der Ploeg et al. 2004 [reproduced with
permission]

Limited knowledge has identified some factors that inform factors within the PAD model.
Jahnsen et al found that age and mildness of severity were significantly associated with regular
physical activity (Jahnsen et al. 2003). Of particular interest, the strongest predictor of physical
activity was a factor called “learnt personal responsibility for personal health”. The most
frequently reported motivational factor in relation to physical activity was improvement or
preservation of health, and the most frequently reported reason for not being physically active
was lack of initiative and motivation (Jahnsen et al. 2003). Some knowledge is also available
from a wider study of young people with a range of physical disabilities including CP,
suggesting that barriers to physical activity included attitude and motivation. In addition, lack
of energy, existing injury or fear of new injuries, limited physical activity facilities, and lack of
information appeared to be barriers. Facilitators of engagement in PA included fun and social
contacts, as well as improved health and fitness (Buffart et al. 2009). Further detailed studies
are needed to identify and explore the range of personal and environmental factors that
influence PA in adults with CP.

6. Health care services for adults with Cerebral Palsy

Adults with chronic but changing health conditions such as CP require access to appropriate
health services across the lifespan, to provide support to individuals to optimize function and
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health related quality of life. Health promotion is defined as ‘activities directed toward
increasing the level of well-being and actualizing the health potential of individuals, families,
communities and societies’ (Pender 1987). Health promoting behaviours, in contrast to disease
management strategies, may be ongoing activities that become an integral part of one’s life
such as physical exercise, nutritional eating, stress management, stopping smoking. Absence
of illness or disability is not a pre requisite for health; therefore individuals living with a
disability can be considered ‘healthy’. Of concern, health care providers may perceive that
people with disabilities are ‘sick’, contributing to people with disabilities thinking of them-
selves as passive participants in their own health care, rather than as individuals responsible
for, and contributing to, their well-being. In a more collaborative model of rehabilitation, a
partnership paradigm is advocated where the clinician has expertise regarding disability
management and the care-seeker (e.g. adult with CP) has expertise about their own life. This
is consistent with components of broader approaches of models of care to support self
management in those who live with chronic disease or chronic health conditions (Bodenheim-
er, Wagner and Grumbach 2002). This approach emphasizes self care, and promotes an active,
independent and informed attitude towards lifelong rehabilitation. This direction is consistent
with a shift from a focus on a ‘medical’ to a “participation” model.

6.1. Lifelong access to expert health care

Adults with CP may experience both diagnosis-related and ageing-related health consequen-
ces (Svien, Berg and Stephenson 2008; Peterson, Gordon and Hurvitz 2013). As described
earlier in this Chapter, many adults with CP experience new onset of symptoms such as muscle
fatigue and weakness, pain, spasticity and contracture, joint dislocation or skin breakdown.
Relative inactivity can result in further health related concerns such as premature sarcopenia
and obesity (Peterson et al. 2013). Furthermore, adults with CP may experience psychosocial
issues, as well as secondary biomedical concerns, related to their disability (Horsman, Suto,
Dudgeon and Harris 2010). Medical management for co-morbidities can also result in health
concerns. For example, some medications to treat epilepsy can cause osteopenia. The incidence
of other diseases in adults with CP is also acknowledged to be higher than age matched
comparisons; e.g. an increased incidence of cancer, chronic obstructive airways disease,
pneumonia, and bowel obstruction. It has been suggested that a decreased verbal ability to
convey symptoms and a reduced tendency to access regular health screening may contribute
to the rise in disease incidence in this population (Svien et al. 2008). Adults with disabilities
such as CP need lifelong, but not necessarily continuous, access to health and rehabilitation
services to meet their changing needs and enable them to make informed choices to address
any health problems that arise (Field, Scheinberg and Cruickshank 2010).

6.2. Transition from paediatric to adult health services

In the childhood of an individual with CP, there is often a supportive health facility and/or
therapy organization, which is readily accessible and staffed with competent professionals. It
is usual for children with CP and their families to frequently have long relationships with their
therapists and medical team, who are knowledgeable and dedicated to providing services for
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children with CP. Although some children may become less engaged with the requirement for
ongoing physiotherapy and rehabilitation services throughout adolescence, there are still a
range of functional activity options available, and ready access to rehabilitation professionals
as and when required.

For an adult with CP who seeks health services, it is not immediately obvious where to turn.
As a result, many young adults with CP experience a ‘vacuum’ after leaving paediatric
rehabilitation (Ng, Dinesh, Tay and Lee 2003). A lack of adequate care, together with changes
in social role and in environmental expectations as they grow into adulthood, may result in
unmet (health) needs of adults with physical disabilities (Ng et al. 2003). Over the last ten years
or so, ‘transition clinics” have been established in many countries in an attempt to bridge the
gap between paediatric and adult services. Most commonly, these clinics cater for those with
chronic illness or disability in the 16 to 25 age group. A variety of literature has described the
optimal design of these transition services to provide adult health care for adolescents and
young adults with disability, such as adequate preparation, flexible timing, care coordination,
transition clinic visits, and interested adult-centred health care providers (Binks, Barden, Burke
and Young 2007). The importance of an adult system that includes multidisciplinary teams
that are central to the care of people with CP and other lifelong health conditions is also stressed
(Bakheit et al. 2009; Field et al. 2010) with evidence that a team approach is more likely to
enhance participation in society of young people with physical disabilities (Bent et al. 2002).

6.3. Challenges in accessing adult health services

Despite this knowledge, specialized health services for adults with CP are widely reported to
be extremely limited (Bent et al. 2002; Ng et al. 2003; Field et al. 2010), and despite an increase
in funding of transition services (Field et al. 2010), remain fragmented and challenging to
navigate. The health care services that are publicly accessible to most adults with a chronic
disability are frequently limited in scope, or perceived by users as inadequate and staffed by
practitioners with limited knowledge and skills in disability care (Sandstrom 2007). A common
experience by adults with CP is frustration with health service type and availability, facility
access, staff turnover, and lack of engagement with their needs. With an attempt to increase
access by driving disability services into ‘community accessible models” (such as dieticians
and therapists within the community health sector), the development of experience and
expertise in disability by health practitioners has been limited. For example, a paediatric
physiotherapist may have an exclusive caseload of children with CP with mentoring and
advice readily available from colleagues within a specialist tertiary paediatric hospital, a
defined career pathway within the health service, and access to professional development
within the paediatric disability area. In contrast, a physiotherapist working in a community
health centre may provide services to a wide variety of adults ranging from those post fracture
or knee replacement, to elderly people post fall, to those recovering from stroke, and only see
a few adults with CP each year. Knowledge of who are the ‘experts” in management of adults
with CP, and hence who to seek advice from, is frequently unclear both to adults with CP and
the health practitioner community.
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Health services for adults with developmental disability are frequently accessed and provided
in an ad-hoc manner by many different organisations each with their own criteria for defining
who receives health services and support and the nature of any services and support provided.
Adults with CP reportedly use specialty health-care and rehabilitation services less, and
emergency room care more, than their non-CP peers (Tosi et al. 2009). Anecdotally, adults with
CP who present to their general medical practitioner (GP) following a fall may be referred to
‘geriatric’ (>65 years) services such as Falls and Balance Clinics as their GP cannot identify
where alternate suitable services may be located. Tosi and colleagues (Tosi et al. 2009) reported
that few medical facilities are prepared to treat adults with developmental disabilities, and
adults with CP needing surgery may find themselves in paediatric environments, where
personnel have not been trained in adult care. As a result, overall care is often fragmented and
does not address the complex physical and psychosocial issues of adults with CP with any
continuity. Horsmann and colleagues (Horsman et al. 2010) reported that decisions regarding
allocation of health and support services to those living with CP are often flawed, as such
decisions are viewed from an exclusively medical model rather than a participation model.
For example most self-assessments by adults with disabilities identified taking part in leisure
activities as a priority (participation model) whereas most social service agency assessments
considered only basic health needs (medical model) when determining eligibility for hired
caregivers (Horsman et al. 2010). As a result, adults with CP may be provided with unwanted
or unsuitable health and support services.

6.4. An ideal model for health service delivery for rehabilitation

Effective service development for rehabilitation for adults with CP at any age requires a
detailed knowledge of the likely health issues experienced by this population across the
lifespan and a robust evidence base upon which to base recommendations and management.
Goldstein, Chairman of the Cerebral Palsy International Research Foundation, in 2009 urged
a move to a system of health services to maximise life-long functioning of people with
disabilities rather than to just a new health care environment. Reddihough and colleagues
(Reddihough et al. 2013) however are hopeful that the introduction of a National Disability
Insurance Scheme in Australia will assist in improving the physical and social outcomes of
adults with CP in this country. The scheme aims to optimise opportunities for people with
disabilities to participate in the social and economic life of the community. People with
disabilities will be empowered to use their own funding packages to purchase the equipment
and associated therapy they require for optimal independent function and participation, while
health services will be required to provide therapy that responds to health concerns and needs.
However, in order to achieve a seamless rehabilitation service across the lifespan of disability,
health practitioners urgently require upskilling and training to be able to deliver evidence
based interventions for adults with CP experiencing functional and mobility decline at any
age. Furthermore, adults with CP require information in order to make informed choices about
health interventions.

Ambulant adults with CP have ongoing health needs to address age-related changes associated
with their disability. Despite a growing body of evidence describing persistent unmet health
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needs experienced by adults with CP little appears to have changed regarding this issue.
Adults with CP continue to report frustration with service type and availability, facility access,
staff knowledge and skills, staff turnover, and lack of engagement with their needs. A more
effective, equitable and accessible system of health care for this population is urgently needed.

6.5. Summary

Many adults with CP face challenges with declining mobility and the emergence of secondary
musculoskeletal conditions as they age. Decline in walking and falls are common, potentially
comprising activity, participation and health-related quality of life. Carefully constructed
longitudinal studies of population-based samples are needed to evaluate and characterise the
prevalence and impact of mobility decline. Evidence to guide clinical practice is currently
extremely sparse. CP-specific interventions to address mobility decline and falls need to be
developed and evaluated in rigorous randomised controlled trials. Similarly, the development
of interventions for the secondary conditions of OA, pain, fatigue and reduced physical activity
warrant similar consideration. Current healthcare services for adults with CP currently lack
the evidence-based knowledge needed to develop and implement best practice clinical
guidelines.
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Chapter 4

Cerebral Palsy and Accessible Housing

Emira Svraka

Additional information is available at the end of the chapter
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1. Introduction

Healthcare systems in transition countries must adapt to the many changes occurring in so-
ciety as a whole. This is a very serious process requiring reforms that will significantly
change the management and organization of healthcare at all levels. Bosnia and Herzegovi-
na has suffered large scale destruction during the war (1992-1995), and all the medical ca-
pacities in the country sustained significant damage. The causes of demographic changes in
transition countries include: the growth of urban populations, expansion of education, the
modernization of society, the disintegration of the family, medical advances, increased in-
come, decreased fertility and increased mortality (Loga S, 2011).

Community Based Rehabilitation (CBR) is strategy for rehabilitation, equal possibilities and
social integration of all persons with disabilities. CBR program is implementing with joint
effort of persons with disabilities, their families, community and related health, educational
and social institutions. Before the 1992, medical rehabilitation in Bosnia and Herzegovina
had been provided at the level of institutions, usually after the hospital or ambulant treat-
ments. Model of Community Based Rehabilitation (CBR), which practically tested in all
parts of Bosnia and Herzegovina, suggests numerous advantages when compared to the
previous period, until 1992.

There is large number of health and educational institutions in the Canton of Sarajevo which
are working on re/habilitation and education of children and adolescents with disabilities,
but there isn’t unique database about the people with disabilities, as well as with cerebral
palsy. Lack of unique database indicates poor network among the institutions and Associa-
tions in the Canton of Sarajevo.

A number of issues arise from the study “Family Quality of Life: Adult School Children
with Intellectual Disabilities”. Four of the seemingly most important are: lack of organized
community services for adults after they leave school; lack of a cantonal, state, or federal
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registration program that would improve coordination of health and social services and link
to the European Register; necessity of conducting continuous education for the teaching
staff at schools regarding effective curricula, for parents, and for health professionals; and
the possibility of developing occupational and physical therapy programs for children, ado-
lescent, and adults. The degree to which improvements such as these might affect family
quality of life also needs to be examined in future study (Svraka E, Loga S, Brown I, 2011).

The goals of education and rehabilitation in Bosnia and Herzegovina, similar to most other
countries of the world, are to work toward community inclusion, acceptance of diversity,
optimal physical and mental health, and personal and social well-being. The focus on family
quality of life is a step toward understanding how we can move closer to achieving these
goals (évraka, Loga, Brown, 2011).

The fact that concerns the most in the South-Eastern Europe is that many people with disa-
bilities are isolated in their homes. One reason for this isolation is huge barriers that must
face when they try to go out of their homes. Common premises, such as elevators, corridors
and passages often are inaccessible. This only reinforces the fact that most laws on accessi-
bility applies only to public buildings, so that investors who invest in private buildings can
go unpunished for not fulfilling these regulations (Sestranetz, Adams, 2006).

1.1. Cerebral palsy

Cerebral palsy (CP) is characterized by nonprogressive abnormalities in the developing
brain that create a cascade of neurologic, motor and postural deficit in the developing child.
Cognitive, sensory and psychosocial deficits often compound motor impairments and sub-
sequent functioning. Characteristically, the child with CP shows impaired ability to main-
tain normal posture because of a lack of muscle coactivation and the development of
abnormal movement compensations. These compensatory patterns develop in certain mus-
cle groups to maintain upright postures and move against gravity. Hyperactive responses to
tactile, visual or auditory stimuli may result in fluctuations of muscle tone that often ad-
versely affect postural control and further diminish coordinated responses in everyday ac-
tivities (Rogers, Gordon, Schanzenbacher, Case-Smith, 2001).

Cerebral palsy (CP) occurs at present in about 2,2 per 1000 live born children in Sweden. Ep-
ilepsy occurs in 15% to more than 60% of children with CP, depending on the type of CP
and the origin of the series, compared with 0,5% in the general population (Carlsson, Hag-
berg, Olsson, 2003).

According to the time of influence, causes of cerebral palsy can be divided to prenatal (from
conception until beginning of the delivery), perinatal (beginning of the delivery until age of
28 days) and postnatal (from 29" day of age until two years of age). The majority of interna-
tional studies indicates that the prevalence of the cerebral palsy is about 2-2,5 cases per 1000
born, although there are some reports about lower and higher prevalence rates (Nordmark,
Hagglund, Lagergren, 2001).
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Evidences indicated that 70-80 % of cerebral palsy is caused by the prenatal factors and that
the birth asphyxia has a relatively minor role with the less than 10 % (Jacobsson & Hagberg,
2004).

Early diagnosis of CP symptoms followed with early intervention is crucial, as soon as pos-
sible.

With the rising incidence of CP in time, the distribution over the subtypes changed: fewer
cases with diplegia and more with hemiplegic. The motor impairments of CP, in especially the
spastic types, lead to other impairments of the musculoskeletal system; for example; among
children and adolescents with quadriplegic CP, 75% have hip luxations, 73% contractures,
and 72% scoliosis (Odding, Roebroeck & Stam, 2006).

About 40% of children with hemiplegic CP have normal cognitive abilities, while children and
adolescents with tetraplegic CP are generally severely intellectually impaired (Odding, Roe-
broeck & Stam, 2006).

CP associated with epilepsy is far more frequently accompanied by intellectual disability
than CP without epilepsy. Similarly, the combination of CP and intellectual disability is re-
ported to be associated with a high risk of developing epilepsy (Carlsson, Hagberg & Ols-
son, 2003).

Many children with more severe spastic CP experience communication problems due to distur-
bed neuromuscular control of speech mechanism, i. e, dysarthria, that diminish the ability of
the child to speak intelligible. However, substantial dysarthria are most often seen in chil-
dren with severe CP and intellectual disability, while most children with mild or moderate
CP and average cognitive level of functioning have normal or near-normal expressive lan-
guage and articulation skills (Bottcher, 2010).

In the study of the influence of prenatal etiological factors on learning disabilities of children
and adolescents with cerebral palsy in the Canton of Sarajevo, of all sample, 31 (38,75%)
children with CP used nonverbal and sign communication, and 49 (61,25%) children used
verbal communication (i.e. speech).

Depending of the study, the prevalence of visuomotor and perceptual problems among children
with spastic CP varies from 39% to 100% (Stiers & Vanderkelen, 2002)

Professionals and parents need to be aware that children with cerebral palsy are at higher
risk of psychological problems than their non-disabled peers and this may be attributable to
problems in adjustment to their adverse circumstances as well as having an organic basis.
Attention should be paid to the effective management of pain, particularly in children unable
to self-report for whom a reliable instrument for assessing pain now exists. The difficulties
most commonly reported here were peer problems; as these may have implications for later
psychological adjustment, follow up work into adolescence and beyond will be important. It
may be that for many children with cerebral palsy and their families, chronic psychological
problems will have a greater impact than the physical impairments and this possibility also
needs to be investigated in longitudinal studies (Parkes, White-Koning, Dickinson, Thyen,
Arnaud, Beckung & all, 2008).
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1.2. Occupational therapy for persons with cerebral palsy in the Canton of Sarajevo

The research was conducted through Project: ,Occupational therapy for persons with cere-
bral palsy”, in homes of participants. The aim was to determine accessible housing for per-
sons with cerebral palsy.

The client was Association of persons with cerebral palsy in the Canton of Sarajevo. The As-
sociation includes 315 members. Of that number, 123 (47,13%) are children and adolescents,
age 4 up to 20 years, and 138 (52,87%) are adults.

Sample was consisted of 30 members of the Association of persons with cerebral palsy of the
Canton of Sarajevo, age from 4 up to 53: 8 children (4-11 years), 14 adolescents (12-20 years),
and 8 adults (21-53 years); 14 male (46,67 %) and 16 (53,33 %) female.

Nine participants had private houses, and 21 were living in flats.

The principal measure used was the Environmental Assessment — Home assessment form. The
first part should deal with accessibility of the dwelling’s exterior, and the second half should
be concerned with an assessment of the home’s interior. During the On-Site visit a tape
measure and home assessment form are tools (Schmitz, 1988), translated and modified by
the author (Svraka, 2007).

The part about accessibility of the dwelling’s exterior is made of 36 items: type of home, en-
trances to building or home, approach to apartment or living area (hallway, steps, door, and
elevator). “Inside home” part consists of bedroom, bathroom, living room area, dining room,
kitchen, laundry, cleaning, emergency and few other items.

The study was approved by parents of children with CP, or adults with CP, and president of
the Association of persons with cerebral palsy in the Canton of Sarajevo. Before starting the
data collection, the research aim and Environmental Assessment — Home assessment form
were explained to parents and they agree to participate by signing consent.

Ideally, the physical and occupational therapists should accompany the patient on the home
visit. They assume shared responsibility for assessing the patient’s functional level at home.
Depending of the specific needs of the patient and/or family, a speech therapist, social work-
er, or nurse also may be included on the home visit (Shmitz, 1988).

Research was conducted during 3 months period trough home visits to clients. Basic inclu-
sion criteria were:

1. Association members with severe motor disability,

2. Lower community engagement or majority of clients are not involved in some form of
institution, continuous forms of education and/or re/habilitation.

Students of Department of physiotherapy, at Faculty of Health Studies in Sarajevo, who
have completed their course of studies, apply the Environment assessment - Home assessment
form in patient's home as part of practical education, in an environment that does not have
the occupational therapy program. Supervision was performed by assistant professor of Fac-
ulty of Health Studies. Based on the initial assessment of the patient in the house/ On-site
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assessment, individual therapeutic programs/interventions were made in order to improve
occupational performance.

1. Interventions which changed requirements of occupation was bringing large gymnastic
ball in the home of all 30 patients.

2. Interventions that want to affect the environment, followed after the evaluation. In co-
operation with the police and local community, students were working on improve-
ment of accessibility: free parking places in front of the building, entrance ramps,
accessible elevators.

3. Interventions that want to improve the ability of the person was the education in certain
exercises for the improvement and preservation of posture, balance, coordination, in-
crease the mobility and prevention of deformities deterioration, which influenced the
personal competencies, i.e. skills related to motor performance, sensor abilities, cogni-
tive ability and general health condition.

The Association of persons with cerebral palsy in the Canton of Sarajevo is member of Cere-
bral Palsy Association of Federation of Bosnia and Herzegovina which was established at 17. Oc-
tober of 2011. That day was announced as Day of persons with cerebral palsy of Federation of
Bosnia and Herzegovina (FB&H). Cerebral Palsy Association members include five Associa-
tions of persons with cerebral palsy of FB&H, from five towns/Cantons: Sarajevo, Gorazde,
Zenica, Siroki Brijeg and Sapna.

People with CP can lead active lives and make a valuable contribution to society. Art work-
shop of the Association of persons with cerebral palsy in the Canton of Sarajevo consists of 9
female members, 7 with CP and 2 with paraplegia. Middle age is 37,7 years; two youngest
members are 27 years old, and oldest one is 58 year old. Five members use wheelchairs (3
with CP and 2 with paraplegia), one cane, and three of them are walking independently. It is
necessary to reduce the numbers of sheltered workshops, and develop supported employ-
ment and self-employment, in other to reduce segregation of persons with disabilities and
give support to social inclusion.

1.3. Assistive technology

Assistive technology (AT) is an umbrella term for a wide range of products. A commonly
accepted definition is “any item, piece of equipment or product system whether acquired
commercially off the shelf, modified or customized that is used to increase, maintain or im-
prove functional capabilities of individuals with disabilities” (US Statute, 1988). Therefore in
terms of devices or equipment it includes from walking sticks to environmental control sys-
tems (ECS), or simple dressing aids to communication aids (Cowan & Wintergold, 2007).

Assistive devices include ortho-prosthetic devices, wheel chairs, walking aids, technical aids
and adapted controls for cars. Adequate assistive devices are often financially inaccessible to
many users because of their high cost despite the fact that they should be covered by social
and insurance schemes. Under the current system, most assistive devices are covered only
partially by the state and require user co-payments, which can be exorbitant in cost. Within

101



102  Cerebral Palsy - Challenges for the Future

the socialist system, assistive devices were generally provided for free within the public
health care system. This is a crucial issue in South East Europe as one of the largest barriers
to accessing assistive devices is financial. Ortho-prosthetic devices are partially subsidized
by the state and in most countries, co-payments have been set up but the financial burden is
still heavy, especially for mid to low-income households. For example, in Bosnia and Herze-
govina, co-payments can range from 10-50%, which can range from EUR 100-1,000 depend-
ing on the device. In the UN administered province of Kosovo there is an absence of a health
care financing system so patients must pay the full price for their wheelchairs or other devi-
ces (Handicap International, 2004).

Mechanical assistive technology includes equipment such as manual wheelchair, postural
management equipment, equipment for active exercise, protective devices, orthoses and
aids for daily living. Provision of mechanical AT for children has its own unique challenges.
Children are constantly changing as they grow and their abilities change and develop.
Equipment therefore needs to be chosen with these aspects in mind. Adjustable equipment
enables changes to be made according to a child’s needs. Adjustability within a device does
tend to make equipment heavier, more complex and expensive but it will last longer and
may be adjusted to fit the constantly changing needs of a child (Cowan & Wintergold, 2007).

The study of the influence of prenatal etiological factors on learning disabilities of children
and adolescents with cerebral palsy in the Canton of Sarajevo was conducted with sample of
80 participants, children and adolescents with cerebral palsy in the Canton of Sarajevo, age
from 6 up to 20 years; 25 children (age 6-11), and 75 adolescents (age 12-20). Mean age was
13,94 years, 47 male (58,75%) and 33 (41,25%) female. The sample was divided in two sub-
groups, first includes 30 participants whose mothers had problems during the pregnancy,
and second includes 50 participants whose mothers didn’t have problems during the preg-

nancy.
Cerebral palsy Walking ability Total
Walks without Holding a hand Walker Wheelchair
restrictions
Bilateral spastic CP
Spastic Quadriplegic CP 2 / 1 10 13
Spastic Quadriplegic CP mixta / / / 3 3
Triplegia / / / 1 1
Paraplegia 3 1 1 1 6
Unilateral spastic CP

Spastic Hemiplegic CP (right) 5 / / / 5
Spastic Hemiplegic CP (left) 4 / / /1 5

Total 14 1 2 16 33

Table 1. Structure of the sample of children with CP and epilepsy according to walking ability (Svraka, 2012)
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Of 33 children with cerebral palsy and epilepsy, 14 (42,4%) were able to walk independently,
1 (3%) child needs to hold a mother’s or friend’s hand, 2 (6%) children walks with assistive
device (walker), and 16 (48,5%) children were unable to walk, in need of wheelchair.

Of total sample of 80 participants, 34 (42,5%) were in need of wheelchair, and 46 (57,5%)

were not.
Of total sample of 80 children, 42 (52,5%) were able to walk independently.

In the group of 30 participants, with illnesses during pregnancy, 13 (43,3%) were in need of
wheelchair, and 17 (56,7%) were not. In the group of 50 participants, without illnesses dur-
ing pregnancy, 21 (42%) were in need of wheelchair, and 29 (58%) were not.

Of 30 participants with illnesses during pregnancy, 17 (56,7%) were able to walk independ-
ently, and 13 (43,3%) were not. Of 50 participants without illnesses during pregnancy, 25
(50%), were able to walk independently, and 25 (50%) were not.

Cerebral palsy Mobility assistance Total

Wheelchair Without assistance Walker, tripod,

holding
Bilateral spastic CP
Spastic Quadriplegic CP 7 2 0 9 (30%)
Spastic Quadriplegic CP mixta 5 0 0 5(16,7%)
Triparesis 4 0 1 5(16,7%)
Paraparesis 3 3 2 8(26,7%)
Unilateral spastic CP
Spastic Hemiplegic CP 1 2 0 3(10%)
Total 20 (66,7%) 7(23,3%) 3(10%) 30 (100%)

Table 2. Relation of cerebral palsy types and use of mobility assistance

Of 30 persons with cerebral palsy 20 (66.7%) use wheelchairs, 7 (23.3%) have independent
mobility, without aid, and 3 (10%) persons walk with aid. Client with triparesis use a walk-
ing tripod.
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Intellectual abilities Mobility assistance Total

Wheelchair Without assistance Walker, tripod,

holding

Normal intellectual abilities 2 6 1 9(30%)
Borderline intellectual abilities 1 0 0 1(3,33%)
Mild intellectual disability 7 0 0 7 (23,3%)

Moderate intellectual disability 1 1 1 3(10%)
Severe intellectual disability 7 0 0 7 (23,3%)

IQ not determined 2 0 1 3(10%)
Total 20 (66,7%) 7 (23,3%) 3(10%) 30 (100%)

Table 3. Relation of intellectual abilities and use of mobility assistance

Of 7 persons with independent mobility, 6 are with normal intellectual abilities, and 1 with
moderate disability. All seven persons (23.3%) with severe intellectual disability use wheel-
chairs

The wheelchair and other wheeled seated mobility devices, such as scooters, have been and
remain important technological devices in the field of rehabilitation. In North America, a
substantial number of adults require wheeled seated mobility, with estimates indicating that
over 179000 Canadians and over 1,5 million Americans utilize a wheelchair. With respect to
the environment, wheeled seated mobility systems may increase the accessibility of the
physical environment thereby increasing opportunities for interacting with the social envi-
ronment (Reid, Laliberte-Rudman & Hebert, 2002).

2. Accessible home

Accessibility for all is a fundamental right, and any environmental barrier which denies ac-
cess and free movement for persons with disabilities and other persons with reduced mobi-
lity is and must be recognized as discrimination (Howitt, 2003).

An accessible home is a pre-condition for independent living or self-determined living as it
enables individuals to do what they need and desire to do as independently as possible
within their living space. This definition is addressed to all people meeting difficulties in
performing daily activities at home as a result of a disability. It means that not only people
with physical disabilities, people who we automatically have in mind when talking about
accessibility, but also people with sensory or intellectual disabilities or even elderly people
who might have lost certain capacities and therefore meet obstacles in their homes - all need
accessible housing. For some, this can be achieved with accessible features that are perma-
nently fixed such as wide doors, grab bars, a tub seat in the bathroom or by using adaptable fea-
tures adjustable in a short time without involving structural or material changes. For



Cerebral Palsy and Accessible Housing
http://dx.doi.org/10.5772/56983

individuals with sensory disabilities, a blind person, for instance, requires tactile markings for
changes in the floor level and Braille markings on appliances. Individuals with hearing impair-
ments will need visual adaptations for things such as telephone ringers, the doorbell and smoke
alarms. For wheelchair users, access may require ramps at the entrances, lower counters, no
thresholds, wider toilets, a shower rather than a bathtub, and ensuring there is an accessible lift
if the dwelling is above the ground floor (Consumer’s Guide to Accessible Housing, 2007).

Accessible living space is helping to enable an independent life and to provide way that
people with disabilities live in the community. With personal assistant and accessible home,
people with disabilities can live independently. Inadequate housing for people with disabili-
ties has serious consequences. In the United Kingdom one study showed that there are over
4 million of people who have difficulties to move, but only 80000 are in accessible housing.
Between 1980 and 1988 the number of homeless people with disabilities has increased by
92%, not including those who live in institutions or family homes (Sestranetz, Adams, 2006).

Children with CP may have limitations in all areas of human occupation to some degree.
Functional performance in self-care and independent living, school and work performance,
play and recreation may all need to be addressed at some point in the child’s life. Parents
my require support and respite, as well as education, to care for child with CP to meet the
needs of the family as a whole (Rogers, Gordon, Schanzenbacher, Case-Smith, 2001).

Another common problem people face in the region when adapting an inaccessible dwelling
is that there are no services available to provide guidance and consultation on making the adapta-
tions. In Calgary Canada, there is an Accessible Housing Society providing consultation
services to people who wish to adapt their home. With this service, an occupational therapist
and an architect visit individual homes to assess what needs to be adapted to suit the needs of
the person and then draw up plans for modifications. They also provide information such as
names of the relevant vendors and contractors, accessibility products and standards. There
is no charge for the service if the client qualifies for income-tested government funding pro-
grams that include: Residential Access Modification Program, Residential Rehabilitation As-
sistance Program, Home Adaptations for Senior’s Independence under the Alberta
government housing support programs. Under these programs, applicants who qualify re-
ceive a grant to make proper adaptations. The government housing support programs con-
tain an accessible housing registry for people seeking barrier-free dwellings. This registry
refers clients to available accessible housing while documenting housing needs for future
planning and construction (Disability Monitor Initiative South East Europe, 2007).

2.1. Exterior accessibility

The entrance should be well lighted and provide adequate cover from adverse weather con-
ditions. If a ramp is to be installed, there should be adequate space. The recommended grade
for wheelchair ramps is 12 inches in ramp length for every inch of threshold height. Ramps
should be a minimum of 48 inches (121,9 cm) wide with a nonslip surface. Handrails also
should be included on the ramp, 32 inches (81,3 cm) in height and extend 12 inches (30,5 cm)
beyond the top and bottom of the ramp (Schmitz, 1988).
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Seven studies focused on aspects of the physical environment as it relates to accessibility is-
sues and wheelchair accident. The most wheelchair accidents occur outdoors or on ramps.
There remains a need for public buildings to implement barrier-free access changes for
wheelchair users. Wheelchair users voiced concern about not being included in decisions re-
garding the design (Reid, Laliberte-Rudman & Hebert, 2002).

For wheelchair users, the entrance should have a platform large enough to allow the patient
to rest and to prepare for entry. This platform area is particularly important when a ramp is
in use. The door locks should be accessible to the patient. The door handle should be turned
easily by the person. The door should be open and close in a direction that is functional for
the person. A cane may be hung outside the door to help the wheelchair user close the door
when leaving. The doorway width should be measured. Generally, 32 inches (81,3 cm) to 34
inches (86,3 cm) is an acceptable doorway to accommodate most wheelchairs. (Schmitz,

1988).
Place of living Width of the entrance door (cm) Total
62-75 76-82 83-92 93-102 103-112 No answer
Flat 1 8 4 - 1 7 21(69,93%)
Private house 2 5 0 - - 2 9(29,97%)
Total 3(9,99%) 13(43,29%) 4(13,32%) 0 1(3,33%) 9(29,97%) 30 (100%)

Table 4. Relations of the place of living and entrance door width

The range of width of the entrance door was from 62cm to 112 cm. Thirteen families
(43,29%) had entrance door width between 76 cm to 82cm.

Place of living Elevator Total
YES NO
Flat " 10 21(69,93%)
Private house - 9 9(29,97%)
Total 11(36,63%) 19 (63,27%) 30 (100%)

Table 5. Place of living and existing of elevator

Eleven families (36,63%) of persons with cerebral palsy, who live in flats have elevators. In
private houses there are no elevators.

If there is raised threshold in the doorway, it should be removed. If removal is not possible,
the threshold should be lowered to no greater than 0,5 inch (1,27 cm) in height, with beveled
edges (Schmitz, 1988).
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Threshold Gender Total
Female Male
Raised threshold 14 9 23(76,7%)
Without threshold 2 5 7(23,3%)
Total 16 (53,33%) 14 (46,67 %) 30 (100%)

Table 6. Entrance door thresholds

Twenty three families (76,7%) have raised entrance door thresholds made of different mate-
rial: wood (16), concrete (3), metal (3), and one made of marble; 1 cm to 7 cm in height.

2.2. Interior accessibility

Inaccessible buildings and rooms crowded with furniture limit how children in wheelchairs
move throughout the environment. Differences in the terrain or room surface also affect mo-
bility. For example, a child who can run outdoors on an asphalt playground may trip and
fall inside when walking on a rug. Other physical characteristics that the occupational thera-
pist assesses relate to the type of furniture, objects, or assistive devices in the environment
and whether they are usable and accessible. This includes the type of equipment, household
items, clothing or toys. Sensory aspects of the physical environment often influence per-
formance, e.g. the type of lighting, noise level, visual stimulation, and tactile or vestibular
input of tasks (Shepherd, 2001).

Sufficient room should be made available for maneuvering or ambulating with an assistive
device. Clear passage must be allowed from one room to the next. Unrestricted access
should be provided to electrical outlets, telephones and wall switches. All floor coverings
should be glued or tacked to the floor. This will prevent bunching or rippling under wheel-
chair use. Scatter rugs should be removed. Use of nonskid waxes should be encouraged.
Raised thresholds should be removed to provide a flush, level surface. Doorways may need to
be widened to allow clearance for a wheelchair or assistive device. Doors may have to be re-
moved, reversed, or replaced with curtains or folding doors. All indoor stairwells should
have handrails and should be well lighted. For patients with decreased visual acuity or age-
related visual changes, contrasting textures on the surface of the top and bottom stair/s will
alert them that the end of the stairwells is near. Circular band or tape also can be placed at
the top and bottom of the handrail for the same purpose (Schmitz, 1988).

2.2.1. Bedroom

The bed should be stationary and positioned to provide ample space for transfers. Stability
may be improved by placing the bed against the wall or in the corner of the room. The
height of the sleeping surface must be considered to facilitate transfer activities. The mattress
should be carefully assessed; it should provide a firm, comfortable surface. If the mattress is
in relatively good condition, a bed board inserted between the mattress and box spring may
suffice to improve the sleeping surface adequately. If the mattress is badly worn, a new one
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should be suggested. A bed side table or cabinet might be suggested; it will be useful to hold a
lamp, a telephone, necessary medications, and a call bell if assistance is needed (Schmitz,

1988).
Participants Height of the bed (cm) Total
20 21 35 36 38 40 43 44 45 46 48 50 51 55 60
Children * 3 1 2 2 8
Adolescents 1 2 2 1 2 3 2 1 14
Adults 1 1 2 1 1 1 1 8
Total 1 1 2 3 1 7 1 1 3 2 1 4 1 1 1 30

Children (4-11 years); Adolescents (12-20 years); Adults (21-53 years)

Table 7. Height of the bed and age of the participants

Range of the height of the bed was 20 cm to 60 cm. The height of the bed of 7 participants
was 40 cm.

The range of the height of the bed of children was 40 cm to 50 cm.
The range of the height of the bed of adolescents was 20 cm to 55 cm.

The range of the height of the bed of adults was 21 cm to 60 cm.

Participants Width of the bed (cm) Total

55 65 68 80 90 95 100 105 110 120 125 150 162 170 220

Children 1 1 1 2 1 1 1 8
Adolescents 1 3 1 1 2 1 1 1 2 1 14
Adults 2 2 1 2 1 8
Total 1 1 1 4 2 1 5 2 3 2 1 4 1 1 1 30

Table 8. Width of the bed and age of the participants

Range of the width of the bed was 55 cm to 220 cm. The width of the bed of 5 participants
was 100 cm.

The range of the width of the bed of children was 55 cm to 162 cm.
The range of the width of the bed of adolescents was 68 cm to 170 cm.

The range of the width of the bed of adults was 90 cm to 220 cm.
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Night table Mobility assistance Total

Wheelchair ~ Without assistance ~ Walker, tripod,

holding
Within patient’s reach from bed 6 4 0 10(33,3%)
Without patient’s reach 9 1 1 11(36,7%)
Without night table 3 2 2 7 (23.3%)
Without answer 2 0 0 2(6,7%)
Total 20 (66,7%) 7 (23,3%) 3(10%) 30 (100%)

Table 9. Relations of night table and mobility assistance

Of 30 persons with cerebral palsy, for 10 (33,3%) persons night table is within patient’s reach
from bed, for 11 (36,7%) persons night table is not within patient’s reach from bed, 7 (23,3%)
persons don’t have night table, and for two persons there are no answers.

Of 20 persons with wheelchair, for 6 persons night table is within patient’s reach from bed,
and for 9 persons night table is not within patient’s reach from bed.

Of 7 persons with independent mobility, for 4 persons night table is within patient’s reach
from bed, for 1 person night table is not within patient’s reach from bed, and 2 persons don’t
have night table.

2.2.2. Bathroom

If door frame prohibits passage of a wheelchair, the patient may transfer at the door to a
chair with casters attached. An elevated toilet seat will facilitate transfer activities (Schmitz,
1988).

Special equipment that gives support can help the child feel safe and secure. Bath ham-
mocks fully hold the body and enable the parent to wash the child thoroughly. A simple,
inexpensive way for giving security is to use a plastic laundry basket lined with foam at its
bottom. Commercially, alight, inconspicuous bath support offers good design features. The
front half of the padded support ring swings open for easy entry and then locks securely,
holding the child at the chest to give trunk stability. Various kinds of bath seats and shower
benches are available for the older child to aid bathtub seating transfers. For the child with
severe motor limitations who is lying supine in the tub in shallow water, a horseshoe-shap-
ed inflatable bath collar serves to support the neck and keep the child’s head above water
level. A bath stretcher is constructed like a cot and fits inside the bathtub rim level or mid
tub to minimize the caregiver’s bending while transferring and bathing the child (Rogers,
Gordon, Schanzenbacher, Case-Smith, 2001).

Independent toileting is an important self-maintenance milestone with wild variation among
individual children. Independence in toileting includes getting on and off the toilet, manag-
ing fastener, and clothing, cleansings after toileting, and washing and drying hands effi-
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ciently without supervision. With weakness and limited range of motion, the child may be
unable to manage fastenings because of hand involvement or may have problems in sitting
down or getting up from the toilet seat because of hip-knee contractions or quadriceps
weakness. (Shepherd, 2001).

Cerebral palsy Use of toilet seat Use of toilet pot Diapers Total

Bilateral spastic CP

Quadriplegic CP 6 0 3 9
Quadripl. CP mixta 1 1 3 5
Triparesis 5 0 0 5
Paraparesis 5 0 3 8

Unilateral spastic CP

Hemiplegic CP 2 1 0 3

Total 19 (63,3%) 2(6,7%) 9 (30%) 30 (100%)

Table 10. Use of toilet

Of total sample, 19 (63,3%) patients use toilet seats, 2 (6,7%) use toilet pot and nine (30%)

need diapers.

Cerebral palsy Window accessibility  No window No No answer Total

bathroom

YES NO

Bilateral spastic CP

Quadriplegic CP 1 5 2 0 1 9
Quadripl. CP mixta 0 5 0 0 0 5
Triparesis 1 2 2 0 0 5
Paraparesis 3 3 1 1 0 8

Unilateral spastic CP

Hemiplegic CP 2 1 0 0 0 3

Total 7(23,3%) 16(53,3%) 5(16,7%) 1(3,33%) 1(3,33%)

Table 11. Window accessibility in the bathroom

Of 30 clients window in the bathroom is accessible for 7 (23,3%), and not accessible for 16

clients. One family has no bathroom and five families have no windows in the bathroom.
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Grab bars (securely fastened to a reinforced wall) will assist in both toilet and tab transfers.
Grab bars should be 1,5 inches (3,8 cm) in diameter and be knurled. For use in toilet trans-
fers, the bars should be mounted horizontally 33 inches (83,8 cm) to 36 inches (91,4cm) from
the floor. The length of the grab bars should be between 24 inches (61 cm) and 36 inches
(91,4 cm) on the back wall and 42 inches (106,7 cm) on the side wall. For use in tab transfers
they should be mounted horizontally 24 inches (61 cm) high measured from the floor of the
tub (Schmitz, 1988).

Cerebral palsy Toilet seats grab bars Bathing tab grab bars Total

YES NO YES NO

Bilateral spastic CP

Quadriplegic CP 1 8 1 8 9
Quadripl. CP mixta 0 5 2 3 5
Triparesis 1 4 1 4 5
Paraparesis 1 7 1 7 8
Unilateral CP
Hemiplegic CP 0 3 1 2 3
Total 3(10%) 27 (90%) 6(20%) 24 (80%) 30 (100%)

Table 12. Toilet seats and bathing tab grab bars

Of whole sample of 30 persons, 3 (10 %) patients have toilet seats equipped with grab bars,
and 27 (90%) patients do not have. Six (20%) patients have bathing tab equipped with grab
bars, and 24 (80%) patients don't have.

Cerebral palsy Toilet seat height (cm) No answer  Total

39 40 41 42 43 45

Bilateral spastic cerebral palsy

Quadriplegic CP 1 4 2 1 1 0 0 9

Quadripl. CP mixta 2 3 0 0 0 0 0 5

Triparesis 1 2 0 2 0 0 0 5

Paraparesis 3 2 2 1 0 0 0 8

Unilateral cerebral palsy

Hemiplegic CP 0 1 0 0 0 1 1 3

Total 7 12 4 4 1(3,3%) 1(3,3%) 1 30
(233%)  (40%) (13,3%) (13,3%) (3,3%) (100%)

Table 13. Range of toilet seat height
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Range of toilet seat height was 39 cm to 45 cm. Toilet seat height for twelve clients (40%) was
40 cm, for 7 (23,3%) was 39 cm, for 4 clients (13,3 %) was 41 cm, for other 4 was 42 cm, for
one 43cm and for other one was 45 cm.

2.2.3. Kitchen

The height of counter tops (work space) should be appropriate for the wheelchair user; the
armrests should be able to fit under the working surface. The ideal height of counter surfa-
ces should be no greater than 31 inches (79 cm) from the floor with a knee clearance of 27,5
inches (69,8 cm) to 30 inches (76,2 cm). Counter space should provide a depth of at least 24
inches (61 cm). All surfaces should be smooth to facilitate sliding of heavy items from one
area to another. Slide out counter spaces are useful in providing an over-the-lap working
surface. For ambulatory patients, stools (preferably with back and foot rests) may be placed
strategically at the main work area/s (Schmitz, 1988).

Cerebral palsy Fitting of wheelchair in Door No answer Without Total
the table clearance table
YES NO

Bilateral spastic CP

Spastic Quadriplegic CP 3 3 0 1 0 7
Spastic Quadripl CP mixta 4 0 0 0 1 5
Triparesis 0 2 1 1 0 4
Paraparesis 3 0 0 0 0 3

Unilateral spastic CP

Spastic Hemiplegic CP 0 1 0 0 0 1

Total 10 6 1 2 1 20

Table 14. Accessibility of kitchen table for patients in wheelchairs

Out of 20 persons in wheelchairs, for 10 (50%) of them kitchen table is accessible. For 6 pa-
tients (20%) with wheelchairs, kitchen table is inaccessible: wheelchairs do not fit in the ta-
ble. One patient in wheelchair does not have a kitchen table, he has a dining room table (40
cm)which is inaccessible. Range of kitchen table height was from 45 up to 120 cm, 16 differ-
ent heights. Four (13.33%) of patients don’t have a kitchen table. Majority of patients, 5
(16.7%) have a kitchen table which is 75 cm height. Thirteen persons have a kitchen table
which is from 70 to 77 cm in height.
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cpP Opening refrigerator Without No answer total

refrigerator

YES NO

Bilateral spastic CP

Quadriplegic CP 4 5 0 0 9
Quadripl. CP mixta 0 5 0 0 5
Triparesis 3 2 0 0 5
Paraparesis 5 3 0 0 8

Unilateral spastic CP

Hemiplegic CP 2 1 0 0 3

Total 14 16 0 0 30

Table 15. Independent opening of the refrigerator and taking food

Refrigerator was accessible for 14 (46.7%) clients, which can independently open the door
and take food. Refrigerator was inaccessible for 16 (53.3%) of clients. All clients have refrig-

erator.
cpP Opening refrigerator Without No answer total
freezer
YES NO

Bilateral spastic CP
Quadriplegic CP 3 5 0 1 9
Quadripl. CP mixta 0 4 0 1 5
Triparesis 2 2 1 0 5
Paraparesis 3 3 1 1 8

Unilateral spastic CP
Hemiplegic CP 2 1 0 0 3

Total 10 15 2 3 30

Table 16. Independent opening of the freezer and taking food

Freezer was accessible for 10 (33.3%) clients, which can independently open it and take food.
Freezer was inaccessible for 15 (50%) of clients. Two clients do not own a freezer, and three
answers are omitted.

The sink may be equipped with large blade-tape handles, and a spray-hose fixture often
provides improved function. Shallow sink 5 to 6 inches (12,7 cm to 15,2 cm) in depth will
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improve knee clearance below. As in the bathroom, hot-water pipes under the kitchen sink
should be insulated to prevent burns (Schmitz, 1988).

Cerebral palsy

Fitting of wheelchair under  Door clearance

No answer Without sink total

the sink
YES NO

Bilateral spastic CP
Quadriplegic CP 0 5 0 7
Quadripl. CP mixta 1 3 0 5
Triparesis 1 1 1 4
Paraparesis 1 2 0 3

Unilateral spastic CP
Hemiplegic CP 0 1 0 1
Total 3 12 1 20

Table 17. Sink accessibility for patients in wheelchairs

Of 20 persons in wheelchairs, kitchen sink is accessible for 3 (15%) patients, or wheelchairs
fit under the sink. For 12 patients (60%) in wheelchairs, sink is inaccessible. One patient does

not have a kitchen dink and for two there is no answer on this question.

Tap on the kitchen sink can open and close 15 (50%) of clients. Kitchen sink tap is inaccessi-
ble for 12 (40%) of patients. One patient does not have a kitchen dink and for one there is no
answer. Kitchen sink bottom is accessible for 16 (53.3%) of patients. Kitchen sink bottom is
inaccessible for 11 (36.7 %) of patients.

Cerebral palsy Opening/closing shelves  Inaccessible  No answer No shelves Total
kitchen
YES NO
Bilateral spastic CP
Quadriplegic CP 3 6 0 0 0 9
Quadripl. CP mixta 2 3 0 0 0 5
Triparesis 2 2 1 0 0 5
Paraparesis 5 3 0 0 0 8
Unilateral spastic CP
Hemiplegic CP 2 1 0 0 0 3
Total 14 15 1 0 0 30

Table 18. Shelves and cabinets accessibility in the kitchen for all patients
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Shelves and cabinets in the kitchen are accessible (opening and closing) for 14 patients
(46.7%), and inaccessible for 15 (50%) of patients. For one patient kitchen is not accessible
because is too narrow.

Equipment and food storage areas should be selected with optimum energy conservation in
mind. All frequently used articles should be within easy reach, and unnecessary items
should be eliminated. Additional storage space may be achieved by installation of open
shelving or use of peg boards for pots and pans. If shelving is added, adjustable shelves are
preferable and should be placed 16 inches (41 cm) above counter top (Schmitz, 1988).

Cerebral palsy Transport possibility Door clearance No answer Total

YES NO

Bilateral spastic CP

Quadriplegic CP 3 6 0 0 9
Quadripl. CP mixta 2 3 0 0 5
Triparesis 1 3 1 0 5
Paraparesis 4 3 0 1 8

Unilateral spastic CP

Hemiplegic CP 2 1 0 0 3

Total 12 16 1 1 30

Table 19. Possibility to transport necessities (food, dishes...) around kitchen

12 (40%) of patients can carry necessities from one end of the kitchen to another, and 16
(53.3%) cannot.

For 14 patients (46.7%) inaccessible are stove switches, which means they cannot use them,
and for 10 (33.3%) are not. Four patients (13.3%) do not use the kitchen, and two patients
(6.7%) did not give an answer.

Eleven patients (36.7%) can operate stove doors, 12 (40%) cannot, 4 (13.3%) does not use the
kitchen, and 3 (10%) of patients did not answered

3. Conclusion

Based on the results of the evaluation with Environmental Assessment — Home assessment form,
the study Occupation therapy for persons with cerebral palsy, in the Canton of Sarajevo, made
proposals for changes in the environment to improve the accessibility of housing.

Educating persons with cerebral palsy and members of their families, with specific exercises
to improve and preserve posture, balance, and coordination, increase the volume of mobility
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and prevent deformities deterioration, had an impact on the personal competencies, i.e.
skills related to motor performance, sensor capabilities, cognitive ability and general health.

Private homes need to be converted according to the individual needs of tenants. As for the
individual adaptation, arrangement of private space so that it is accessible, it requires pre-
cise planning according to the needs of people. Multidisciplinary team should lead that plan-
ning, and find such design solutions that overcome the problem of architectural barriers for
people with disabilities to improve their quality of life.

Ideally, the physical and occupational therapists should accompany the patient on the home
visit. They assume shared responsibility for assessing the patient’s functional level at home.
Depending of the specific needs of the patient and/or family, a speech therapist, social work-
er, or nurse also may be included on the home visit.

It is necessary to open the Services or Counseling centers for accessible housing. As part of
these services, occupational therapist and an architect should visit homes of persons with
disabilities and assess what needs to be adapted to meet the needs of that person.

The significance of this research for the community is multiple: educational, scientific, hu-
mane and promotional.

The results provide a basis for further research in needs of these families and improvement
of their quality of life.

4. Summary

Accessible design generally refers to houses or other dwellings that meet specific require-
ments for accessibility. The laws dictate standards dimensions and characteristics for such
features as door widths, clear space for wheelchair mobility, audible and visual signals, grab
bars switch and outlet height, and more.

The research was conducted through Project: ,,Occupational therapy for persons with cere-
bral palsy”, in homes of participants. The aim was to determine accessible housing for per-
sons with cerebral palsy.

Sample was consisted of 30 respondents, members of the Association of persons with cere-
bral palsy of the Canton of Sarajevo, age from 4 up to 53: 8 children (4-11 years), 14 adoles-
cents (12-20 years), and 8 adults (21-53 years); 14 male (46,67 %) and 16 (53,33 %) female.

The principal measure used was the International Environmental Assessment — Home as-
sessment form. The first part should deal with accessibility of the dwelling’s exterior, and
the second half should be concerned with an assessment of the home’s interior. During the
On-Site visit a tape measure and home assessment form are tools (Schmitz, 1988), translated
and modified by the author (Svraka, 2007).

The Association of persons with cerebral palsy in the Canton of Sarajevo is member of Cere-
bral Palsy Association of Federation of Bosnia and Herzegovina which was established at 17. Oc-
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tober of 2011. That day was announced as Day of persons with cerebral palsy of Federation of
Bosnia and Herzegovina (FB&H). Cerebral Palsy Association members include five Associa-
tions of persons with cerebral palsy of FB&H, from five towns/Cantons: Sarajevo, Gorazde,
Zenica, Siroki Brijeg and Sapna.

Assistive devices include ortho-prosthetic devices, wheel chairs, walking aids, technical aids
and adapted controls for cars. Adequate assistive devices are often financially inaccessible to
many users because of their high cost despite the fact that they should be covered by social
and insurance schemes. Under the current system, most assistive devices are covered only
partially by the state and require user co-payments, which can be exorbitant in cost. Within
the socialist system, assistive devices were generally provided for free within the public
health care system. This is a crucial issue in South East Europe as one of the largest barriers
to accessing assistive devices is financial.

Of 30 persons with cerebral palsy 20 (66.7%) use wheelchairs, 7 (23.3%) have independent
mobility, and 3 (10%) persons require the use of particular device. Client with triparetic CP
use a walking tripod.

The range of width of the entrance door was from 62cm to 112 cm. Thirteen families
(43,29%) had entrance door width between 76 cm to 82cm.

Eleven families (36,63%) of persons with cerebral palsy, who live in flats have elevators. In
private houses there are no elevators.

Twenty three families (76,7%) have raised entrance door thresholds made of different mate-
rial: wood (16), concrete (3), metal (3), and one made of marble; 1 cm to 7 cm in height.

Of 30 persons with cerebral palsy, for 10 (33,3%) persons night table is within patient’s reach
from bed, for 11 (36,7%) persons night table is not within patient’s reach from bed, 7 (23,3%)
persons don’t have night table, and for two persons there are no answers.

Of total sample, 19 (63,3%) patients use toilet seats, 2 (6,7%) use toilet pot and nine (30%)
need diapers.

Of 30 persons window in the bathroom is accessible for 7 (23,3%), and not accessible for 16
persons. One family has no bathroom and five families have no windows in the bathroom.

Of 30 persons, 3 (10 %) patients have toilet seats equipped with grab bars, and 27 (90%) pa-
tients do not have. Six (20%) patients have bathing tab equipped with grab bars, and 24
(80%) patients don't have.

Range of toilet seat height was 39 cm to 45 cm. Toilet seat height for 12 (40%) persons was 40
cm, for 7 (23,3%) was 39 cm, for 4 (13,3%) persons was 41 cm, for other 4 was 42 cm, for one
43 cm and for other one was 45 cm.

Three persons can enter the bathroom with wheelchairs. From whole sample, 3 (10 %) per-
sons have toilet seats equipped with grab bars, and 27 (90 %) persons do not have.

Out of 20 persons in wheelchairs, for 10 (50%) of them kitchen table is accessible. For 6 pa-
tients (20%) with wheelchairs, kitchen table is inaccessible: wheelchairs do not fit in the ta-
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ble. One patient in wheelchair does not have a kitchen table, he has a dining room table (40
cm)which is inaccessible. Range of kitchen table height was from 45 up to 120 cm, 16 differ-
ent heights. Four (13.33%) of patients don’t have a kitchen table. Majority of patients, 5
(16.7%) have a kitchen table which is 75 cm height. Thirteen persons have a kitchen table
which is from 70 to 77 cm in height.

Refrigerator was accessible for 14 (46.7%) clients, which can independently open the door
and take food. Refrigerator was inaccessible for 16 (53.3%) of clients. All clients have refrig-
erator.

Freezer was accessible for 10 (33.3%) clients, which can independently open it and take food.
Freezer was inaccessible for 15 (50%) of clients. Two clients do not own a freezer, and three
answers are omitted.

Of 20 persons in wheelchairs, kitchen sink is accessible for 3 (15%) patients, or wheelchairs
fit under the sink. For 12 patients (60%) in wheelchairs, sink is inaccessible. One patient does
not have a kitchen dink and for two there is no answer on this question.

Tap on the kitchen sink can open and close 15 (50%) of clients. Kitchen sink tap is inaccessi-
ble for 12 (40%) of patients. One patient does not have a kitchen dink and for one there is no
answer. Kitchen sink bottom is accessible for 16 (53.3%) of patients. Kitchen sink bottom is
inaccessible for 11 (36.7 %) of patients.

Shelves and cabinets in the kitchen are accessible (opening and closing) for 14 patients
(46.7%), and inaccessible for 15 (50%) of patients. For one patient kitchen is not accessible
because is too narrow.

12 (40%) of patients can carry necessities from one end of the kitchen to another, and 16
(53.3%) cannot.

For 14 patients (46.7%) inaccessible are stove switches, which means they cannot use them,
and for 10 (33.3%) are not. Four patients (13.3%) do not use the kitchen, and two patients
(6.7%) did not give an answer.

Eleven patients (36.7%) can operate stove doors, 12 (40%) cannot, 4 (13.3%) does not use the
kitchen, and 3 (10%) of patients did not answered

Ideally, the physical and occupational therapists should accompany the patient on the home
visit. They assume shared responsibility for assessing the patient’s functional level at home.
Depending of the specific needs of the patient and/or family, a speech therapist, social work-
er, or nurse also may be included on the home visit.

It is necessary to open the Services or Counseling centers for accessible housing. As part of
these services, occupational therapist and an architect should visit homes of persons with
disabilities and assess what needs to be adapted to meet the needs of that person.

The results provide a basis for further research in needs of these families and improvement
of their quality of life.
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1. Introduction

Hypoxicischemic encephalopathy (HIE) currently constitutes one of the non-excluding causes
of child cerebral palsy (CP) and, together with prematurity, is potentially preventable. For this
reason there is an increasing interest in prevention policies as well as in research on neuro-
protection therapies that minimize cerebral lesion and concomitant disabilities.

In the last few decades there has been an explosion of studies employing either animal models
of global or focal hypoxia or cell cultures investigating the preventing effect of many chemicals
on neuronal lesion. Recent clinical research has shown that certain pharmaceuticals have
neuroprotective effects, suggesting that their use could be generalized for clinical practice in
a near future. However, the use of some of these chemicals, such as nicardipine (calcium
blocker) or magnesium (blocking NMDA-receptors), has been investigated in clinical trials
showing no beneficial effects while causing severe hemodynamic adverse events. Therefore
there is no generally accepted standard of care in the brain-oriented pharmacologic therapy
for full-term neonates sustaining cerebral hypoxia—ischemia (H-I). In fact, neuroprotective
treatment for HIE in the clinical practice is limited to the application of hypothermia in the
newborn which is accepted now as a meaningful therapy, since no pharmaceutical has shown
any benefit when administered by itself yet.

Future advances in the understanding of preconditioning may lead to the administration of
neuroprotective agents earlier before childbirth. Although most of these neuroprotective
strategies have not yet entered clinical practice, there is a significant hope that further devel-
opments will allow to incorporate them besides hypothermic neuroprotection. More specifi-
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cally, maternal administration of allopurinol (xanthine oxidase inhibitor/ anti-oxidant) has
been proposed as prebirth treatment when there is suspicion of an adverse event eliciting
perinatal asphyxia.

Since it is conceivable that hypothermia postpones secondary energy failure, application of
hypothermia immediately after the hypoxic event could prolong the window for pharmaco-
therapeutic intervention; furthermore, there is accumulating preclinical evidence that adjunc-
tive therapies can enhance hypothermic neuroprotection. The question that still remains is
whether a combination of therapeutic agents would be more efficient in reducing brain damage
due to hypoxia-ischemia than applying just one pharmaceutical. The hypothesis is that
combinations of therapies intervening at different levels in the cascade might lead to more
prominent reduction of brain injury.

In this chapter we review the mechanisms of action of chemicals that have shown potential
neuroprotection effect, with special regard to those already approved for use in the newborn
and show no side effects. Finally, we propose a model of off-label combined neuroprotective
therapy using a staggered design according to the severity of the asphyxia /encephalopathy.

2. Neonatal encephalopathy

The incidence of birth asphyxia is 9.4/1000 live term births whereas the incidence of neonatal
encephalopathy secondary to intrapartum hypoxia-ischemia (H-I) is very low, estimated
between 0.27 per 1000 (Palsdottir et al, 2007) and 1.5 per 1000 live full-term births; and about
15% to 20% of affected newborns die in the postnatal period, and an additional 25% of the
survivors exhibiting permanent neuropsychological deficits (Kurinczuk et al, 2010). Birth
asphyxia often appears to be a secondary symptom of an otherwise sick baby; thus, it is not
the primary cause of CP in the majority of cases. One study of children with CP found that in
only about 8% (15/183) of all the children with spastic CP was intrapartum asphyxia the
possible cause of their brain damage; and the contribution of intrapartum events and obstetric
mismanagement to overall CP rates is probably less than was previously throught (Blair &
Stanley, 1998). In fact, due to this type of research, the term birth asphyxia has been replaced
with the term neonatal encephalopathy because this later term does not imply a causal
relationship (Fehlings et al, 2007).

Perinatal asphyxia can be defined as the injury caused to the fetus or newborn as a result of
both reduced oxygen (O2) supply to the brain and the sustained reduction in blood flow due
to an inadequate cerebral perfusion. The term “asphyxia” is not synonymous with HIE despite
been closely related: “asphyxia” is the cause whereas HIE is the effect. Besides, asphyxia does
not always produce brain damage. HIE is defined as the neurological syndrome occurring in
the newborn after a hypoxia / ischemia episode that affects consciousness in different degrees,
with decrease of spontaneous movements, tone and reflexes, as well as the appearance of
convulsions in the most severe cases. Hypoxic-ischemic events may cause multisystemic
failure with impairment of pulmonary, cardiovascular, digestive, renal, hematological and
metabolic functions, constituting the post-asphyctic syndrome. However, it is important to
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emphasize that the clinical features of hypoxic ischemic encephalopathy are nonspecific, and
a diagnosis of perinatal asphyxia should be made with caution and only after careful consid-
eration of all data collected in the clinical history.

The essential criteria required to define an acute intrapartum hypoxic event as sufficient to
cause CP were established by by both the American College of Obstetricians and Gynecologists
and the American Academy of Pediatrics, and the International Cerebral Palsy Task (ACOG,
2003), are listed as follows:

Essential criteria (must meet all four)

* Evidence of a metabolic acidosis in fetal umbilical cord arterial blood obtained at delivery
(pH <7 and base deficit =12 mmol/L).

* Early onset of severe or moderate neonatal encephalopathy in infants born at 34 or more
weeks of gestation.

* Cerebral palsy of the spastic quadriplegic or dyskinetic type.

* Exclusion of other identifiable etiologies such as trauma, coagulation disorders, infectious
conditions, or genetic disorders.

Criteria that collectively suggest an intrapartum timing (within close proximity to labor and
delivery, eg, 0-48 hours) but are nonspecific to asphyxial insults

* A sentinel (signal) hypoxic event occurring immediately before or during labor

* A sudden and sustained fetal bradycardia or the absence of fetal heart rate variability in the
presence of persistent, late, or variable decelerations, usually after a hypoxic sentinel event
when the pattern was previously normal

* Apgar scores of 0-3 beyond 5 minutes
* Onset of multisystem involvement within 72 hours of birth
* Early imaging study showing evidence of acute nonfocal cerebral abnormality

Neonatal encephalopathy is a clinically defined syndrome of disturbed neurological function
in the infant at or near term during the first week after birth, manifested by difficulty with
initiating and maintaining respiration, depression of tone and reflexes, altered level of
consciousness, and often seizures. Sarnat and Sarnat (Sarnat & Sarnat, 1976) were the first to
define this syndrome as neonatal encephalopathy following foetal distress (TABLE 1). The
clinical features and severity of encephalopathy have been well defined. They distinguished
three stages of encephalopathy: stage 1, or mild encephalopathy associated with hyperalert-
ness, sympathetic overdrive, and a normal EEG; stage 2, or moderate encephalopathy marked
by obtundation, hypotonia, multifocal seizures, and an EEG showing periodic or continuous
delta activity; and stage 3, or severe encephalopathy in which infants were stuporous and
flaccid with an isoelectric or periodic EEG.Infants who did not enter stage 3 and who had signs
of stage 2 for fewer than 5 days were normal on follow-up, but persistence of stage 2 for a week
or failure of the EEG to normalise predicted later neurological impairment or death.
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State 1 Mild Stage 2 Moderate Stage 3Severe
Level of Consciousness Hyperalert Lethargic or obtunded Stuporous
Neuromuscular Control
Muscle tone Normal Mild hypotonia Flaccid
Posture Mild distal flexion Strong distal flexion Intermittent decerebration

Stretch reflexes Overactive Overactive Decreased or absent
Segmental myoclonus ~ Present Present Absent
Complex Reflexes
Suck Weak Weak or absent Absent
Weak; incomplete; high
Moro Strong; low threshold Absent

threshold

Oculovestibular Normal Overactive Weak or absent
Tonic neck Slight Strong Absent
5 5 . . Generalized
Autonomic Function Generalized sympathetic . Both systems depressed
parasympathetic
i o o Variable; often unequal;
Pupils Mydriasis Miosis .
poor light reflex
Heart Rate Tachycardia Bradycardia Variable
Bronchial and Salivary _
. Sparse Profuse Variable
Secretions
Gastrointestinal _ )
. Normal or decreased Increased; diarrhea Variable
Motility
. Common; focal or Uncommon (excluding
Seizures None

multifocal

decerebration)

Electroencephalogram

Normal (awake)

Early: low-voltage
continuous delta and

thetalater: periodic

Early: periodic pattern with

Isopotential phasesLater: totally

Findings pattern (awake) Seizures: .
) isopotential
focal 1-to 1-Hz spike-and-
wave
Duration <24h 2-14h Hours to weeks

Table 1. Sarnat and Sarnat’s [236] Clinical Stages of Perinatal Hypoxic Ischemic Brain Injury

The diagnosis HIE has often not been proven and has been assumed from a variety of clinical

markers that do not accurately reflect hypoxia and ischaemia of either acute or chronic origin.

Over 75% of cases of neonatal encephalopathy have no clinical signs of intrapartum hypoxia.

Dammann et al (Dammann et al, 2011), under the title “Neonatal Encephalopathy or Hypoxic-
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Ischemic Encephalopathy? Appropriate Terminology Matters” propose that by simply calling
“neonatal encephalopathy” what is now called “HIE,” we might not only help reduce the
number of unjustified convictions of obstetricians, midwifes, nurses, and hospitals but also
increase the amount of much needed research in perinatal brain injury not necessarily related
to the hypoxia-ischemia paradigm.

Although in many newborns who have cerebral dysfunction, the brain injury may have
occurred before the onset of labor and delivery, there exists a relatively small but clearly
identifiable group of term newborns who sustain significant intrapartum H-I cerebral insult
and who subsequently develop an acute encephalopathy during the first week of life. The
Sarnat evaluation of staging of encephalopathy by clinical examination correlates well with
subsequent neurodevelopmental impairment in infancy and childhood (Robertson, 2003;
Badawi et al, 2005; Ambalavanan et al, 2006). The presence of abnormal neurologic examina-
tion results in the first few days of life highly predicts a brain insult in the perinatal period.
Neonates with mild encephalopathy usually do not have an increased risk of motor or
cognitive deficits. Neonates with severe encephalopathy have a high risk of death (up to 85%)
and an increased risk of CP and intellectual disability among survivors. Neonates with
moderate encephalopathy have significant motor deficits, fine motor disability, memory
impairment, visual or visuomotor dysfunction, increased hyperactivity and delayed school
readiness (Shankaran et al, 1991. Robertson, 2003; Marlow et al, 2005; Gonzalez& Miller,
2006. De Vries & Jongmans, 2010).

3. Neuropathologic aspects of hypoxic-ischemic brain damage

3.1. Gestational/perinatal age

H-I insults during critical cellular and tissue differentiation processes have a serious impact
on brain maturation. Thus, the gestational/perinatal age of the infant is one of the main
variables in determining the neuropathological picture of H-I brain injury. For this reason
alone, the developmental stage at which a H-I insult occurs is of great importance. However,
the mechanism(s) underlying the neuronal damage and death triggered by H-I in the devel-
oping brain leading to various forms of neurological disabilities remains inadequately
understood. Due to selective ischemic vulnerability, the damage affects the gray matter in term
newborns and white matter (WM) in preterm newborns with the typical neuropathological
aspects of laminar cortical necrosis in the former and periventricular leukomalacia (PVL) in
the latter (Volpe, 2003).

Reactive oxygen species (ROS) play a pivotal role in the development of PVL. The major type
of injury involves cerebral white matter and the principal cellular target is the developing
oligodendrocyte. The specific phase of the oligodendroglial lineage affected has been defined
from the study of both human brain and experimental models. This premyelinating cell (pre-
OL) is vulnerable because of a series of maturation-dependent events. The pathogenesis of pre-
OL injury involves two upstream mechanisms, H-I and systemic infection/inflammation, both
of which are common occurrences in premature infants. This differential susceptibility to
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injury can also be related to the development of interneuronal connections and excitatory
glutamate receptors that create the possibility of excessive neurotransmitter release and
receptor overstimulation. Moreover, most forms of H-I in neonates cause injury to selected
areas of the brain rather than the entire brain (Johnston, 2001; Johnston et al, 2001). Most
importantly, elucidation of these factors has led to delineation of a series of potential thera-
peutic interventions, which in experimental models show marked protective properties. The
critical next step, i.e., clinical trials in the living infant, is now on the horizon (Volpe et al, 2011).

3.2. Developing human cortex

The subplate zone (SPZ) is a transient cytoarchitectonic compartment of the fetal telencephalic
wall, situated between the fetal WM (i.e. intermediate zone) and the cortical plate, and is the
crucial laminar compartment for the development of the human cerebral cortex. The subplate
contains numerous neurons of various morphological types and molecular phenotypes,
including differentiated projection (glutamatergic) neurons and local (GABA and peptidergic)
interneurons. The developing human cortex goes through three major early stages of func-
tional development: (1) between 13 and 15 postconceptional weeks (PCW): initial-transient
fetal circuitry, centered at the SPZ, which is endogeneously (spontaneously) driven; (2) 15 and
30 PCW: perinatal dual circuitry (co-existence of endogeneously driven subplate-centered
transient circuitry with developing cortical plate-centered permanent circuitry), that slowly
disappears towards the end of gestation and during the early postnatal period; and (3)
postnatally established permanent (externally driven) cortical circuitry, centered at the cortical
plate (that is, developing cortical layers I-VI). While the SPZ disappears during the perinatal
and early postnatal period, numerous subplate neurons survive and remain embedded in the
superficial (gyral) WM of adolescent and adult brain as so-called interstitial neurons (Judas et
al, 2010). The growth of the axonal pathways preterm explains their vulnerability and plasti-
city. Inneonates the vulnerability is related to the intracortical circuitry. The neuronal elements
in transient fetal zones form a developmental potential for plasticity after perinatal cerebral
lesions (Kostovic & Judas, 2006).

3.3. Gender differences

This new information about gender differences in neuronal death pathways in experimental
models is probably directly relevant to gender differences reported in the response of infants
and children to brain injuries. Quantitative imaging showed that male premature infants are
more vulnerable than girls to white matter injury from intraventricular hemorrhage (IVH), but
girls are more vulnerable to gray matter injury. It follows directly from this information that
an infant's gender could influence the efficacy of neuroprotective agents and the cell types
most atrisk. A striking example of this effect was reported from the prospective “Indomethacin
Intraventricular Hemorrhage Prevention Trial” (Ment et al, 2004). In this study, indomethacin
eliminated parenchymal hemorrhage and improved verbal scores in boys at ages 3 to 8 years,
but had no effect on girls. “It is becoming increasingly clear that gender differences are not
simply a result of hormonal influence but are profound properties of individual cells” (Fatemi
et al, 2009).
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4. Physiopathological and biochemical processes of H-I cerebral injury

The principal biochemical mechanisms of cellular death in hypoxemia, ischemia and asphyxia
are very similar and derive from O2 deprivation. Besides the main role of perinatal asphyxia,
a key factor in the genesis of HIE is the loss of “cerebral blood flow (CBF) autoregulation”, a
protective mechanism that maintains stable CBF velocity (CBFV) in normal infants, regardless
of variations of systemic arterial pressure. At the cellular level, the reduction in CBF and
oxygen delivery initiates a cascade of deleterious biochemical events. Clinical and experimen-
tal observations demonstrate that HIE is not a single “event” but is rather an “evolving
process”, and reflect the evolution of a delayed cascade of molecular events triggered by the
initial insult (Fatemi et al, 2009).

4.1. Physiopathological mechanisms of cerebral injury

H-Tinjuries develop in two phases: the ischemic phase, dominated by necrotic processes, and
the reperfusion phase, dominated by apoptotic processes extending beyond ischemic areas.
This second phase takes place two - six hours after H-I insult, such latency constituting a useful
window in which therapeutic measures can be able to stop the evolution of cerebral damage
(Hammerman & Kaplan, 2000; Inder &Volpe, 2000).

4.1.1. Acute injury: Primary energy failure (associated with anaerobic metabolism)

There is an initial immediate phase (FIGURE 1) characterized by alterations in glucose
metabolism; the anaerobic metabolism is an energy-inefficient state, since anaerobic glycolysis
produces lactate and only 2 ATP, whereas aerobic glycolysis produces 38 ATP. HI rapidly
lowers the neonatal brain’s stores of glucose and high energy phosphates (ATP and phos-
phocreatine), resulting in energy depletion and accumulation of lactate and inorganic phos-
phate; and a metabolic acidosis develops due to accumulation of lactic acid, with local and
systemic consequences such as impaired vascular tone and cardiac contractility. In this phase,
the crucial event triggering a cascade of chain reactions is represented by ATP depletion
secondary to anaerobic glycolysis and metabolic acidosis induced by hypoxia. Reduced ATP
availability determines the dysfunction of ATPase systems, in particular Na+, K+-ATPase and
glial-ATPase. Na+, K+-ATPase dysfunction leads to membrane depolarization in neurons
mainly causing intracellular calcium accumulation, and sodium and water accumulation with
cytotoxic edema and/or cell lysis followed by inflammatory reaction with cytokines release.
Disturbances of intracellular calcium homeostasis result in activation of calpains (calcium-
activated proteases). At the same time, neuronal depolarization induces glutamate release which
tends to accumulate in the intersynaptic and intercellular spaces because of the dysfunction
of glial-ATPase (an astrocytic enzyme normally in charge of glutamate reuptake). Thus
extracellular glutamate increses due to both enhanced release and lower recapture. Glutamate,
aneuroexcitatory aminoacid, stimulates specific NMDA and AMPA neuro-glial receptors and
hence determines a massive intracellular entry of calcium that activates some endocellular
enzymes including proteases, endonucleases and phospholipases. Proteases degrade neuro-
filaments causing cytoskeleton rupture and disintegration of the cellular body. Furthermore,
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excessive amount of glutamate can cause excitotoxicity leading to celldeath of neurons and
glial cells. These events involve major mechanisms of fast neuronal death (edema, inflamma-
tion, necrosis) due to either direct or indirect neurotoxicity [mediated by free-radicals (FR) and
nitric oxide (NO) generated during the first minutes / hours of anoxic insult]. In asphyxiated
human neonates, the extent of depletion of high-energy phosphates, and the extent of accu-
mulation of lactate, measured by magnetic resonance spectroscopy, correlate with the severity
of eventual neurologic impairment (Hanrahan et al, 1999).

| HYPOMIGISCHEMIC EVENT, | CRF, | Pads | Glucose |

Figure 1. ACUTE INJURY: Primary energy failure (associated with anaerobic metabolism).
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4.1.2. Delayed brain damage: Secondary energy failure (associated with reperfusion)

Secondly, a complex cascade of pathogenic mechanisms associated with reperfusion (or
recovery of the blood flow) is triggered and this response is proportional to the severity of the
first response. The secondary cerebral energy failure, also known as "delayed injury" (FIGURE
2), occurs from 6 to 48 hours after the primary event and may continue for days or weeks.
Extended reactions from primary insults (eg, calcium influx, excitatory neurotoxicity, oxygen
free radicals, or NO formation) secondary involve mitochondrial dysfunction. This mitochon-
drial impairment may lead directly to caspase-dependent and -independent apoptosis. This
second phase also has an undoubtable prognostic value since it is associated with delayed
neuronal death (apoptosis) during hours or days after the initiation of injury, and represents
a window for therapeutic intervention. The exact mechanisms of secondary energy failure
remain unclear but appear to be related to oxidative stress, excitotoxicity, and inflammation.
In this phase, recovery of ischemia increases O2 availability and hence activates xantine-
oxidase (via metabolizing the hypoxanthine formed during the initial period of HIE to uric
acid) and cyclooxygenase enzymes and generates reactive oxygen species (ROS) responsible
for oxidative cellular damage. Due to the increased intracellular calcium from the previous
period, the reperfusion phase shows a sustained activation of phospholipase A2 that hydrolyze
phospholipids and can damage cellular membrane and induce the consequent release of free
fatty acids (FFA), especially arachidonic acid (AA). Reperfusion also activates cyclooxygenase
that catalyses the formation of prostaglandins and generate -among others- superoxide free
radicals. The production of vasodilator prostaglandins that give rise to reperfusion of ischemia
and build-up of platelet-activating factor (PLF) in brain tissues. Collectively, these processes
lead to a surge of the superoxide free radical, which plays a central role in further production
of free radicals and other toxic compounds (Lorek et al, 1994).

4.2. Biochemical mechanisms of injury

Key players in the pathophysiology of neonatal cerebral injury are accumulation of cytosolic

calcium, oxidative stress, excitotoxicity, and inflammation leading to apoptotic and necrotic
neuronal death (Grow & Barks, 2002; Hossain, 2005).

4.2.1. Oxidative stress: Formation of free radicals (FRs)

Definitions of Oxidative stress: The imbalance between free radical (FR) generation and free
radical scavenging that leads to cell injury.

All biological systems that consume oxygen generate FRs, which are molecules with one or
more unpaired electrons in their outer orbit. They readily accept electrons from iron and other
metals to form more reactive radicals, which attack other biomolecules, especially lipids,
proteins, and nucleic acids, generating more radicals that damage the developing brain. In
aerobic cells, oxygen free radicals (reactive oxygen species -ROS-) are produced within the
cytoplasm and mitochondria. The three most common ROS are superoxide (O2’), hydroxyl
radical (OH), and hydrogen peroxide (H202). Two important sources of ROS are the byprod-
ucts of xanthine (derived from the breakdown of ATP) and prostaglandin synthesis (derived
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Figure 2. DELAYED INJURY: Secondary energy failure (associated with reperfusion). Neuroprotective interventions
drugs according to predominants effects.

from the breakdown of free fatty acids). Low levels of ROS are indispensable in many

biochemical processes, including intracellular messaging in the cell differentiation and cell
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progression or the arrest of growth, apoptosis, immunity, and the defense against micro-
organisms. Interestingly, more recent data strongly suggest that low levels of NO and ROS are
involved in normal events such as gene transduction control (Kroncke, 2003). In contrast, high
doses and/or inadequate removal of ROS result in oxidative stress, which may cause severe
metabolic malfunctions and damage to biological macromolecules. Increased production of
ROS contributes to the pathogenesis of neonatal H-I brain injury. Acute restoration of blood
flow after ischemia leads to the production of ROS, which are directly toxic to neurons and
glia, and which may exacerbate leukocyte accumulation, microvascular thrombosis, and NO-
mediated injury (Matés et al 1999).

Under normal physiologic conditions, low concentrations of O2" and H202 are produced as a
byproduct of mitochondrial electron transport, a balance is maintained between the produc-
tion of ROS and the capacity of the antioxidant enzyme system; however, if this balance breaks
down, ROS can exert toxic effects. The oxygen FR are destroyed rapidly by the endogenous
antioxidants: they are scavenged enzymatically by superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GPX), and nonenzymatically by reaction with antioxidant
molecules, such as alpha-tocopherol (vitamin E), and ascorbic acid (vitamin C), glutathione
(GSH), b-carotene, and vitamin A (Grow & Barks, 2002). Treatment with the iron chelator
deferoxamine, N-acetylcysteine (NAC), or with allopurinol (a xanthine oxidase inhibitor that
also acts as a FR scavenger), attenuates H-I damage in the immature rat (Palmer et al, 1993;
Palmer et al, 1994). A recently discovered antioxidant enzyme family, peroxiredoxin (Prdx), is
also an important scavenger of FR: Prdx1 expression is induced at birth, whereas Prdx2 is
constitutively expressed, and Prdx6 expression is consistent with the classical antioxidant
enzymes (SOD, CAT, and GPX) (Shim & Kim, 2013).

Itis recognized that during intra- and peripartum asphyxia the generation of ROS is increased
exceeding the capabilties of the protective mechanisms and causing oxidative stress. FRs
produced from xanthine by products and prostaglandin synthesis attack polyunsaturated fatty
acids (PUFAs) of the plasma membrane, increasing membrane permeability, endothelial cell
death compromises the blood-brain barrier (BBB), resulting in vasogenic edema and hemor-
rhage. The mitochondrial respiratory chain is also a major source of ROS, and mitochondrial
dysfunction contributes to cellular necrosis as well. FRs are another example of the inability
of the immature brain to handle reoxygenation. Although FR concentrations rise during
hypoxia, a significant secondary elevation occurs during resuscitation.

The relationships between FR generation and perinatal brain damage are complex there are a
number of potential mechanisms of FR generation (Mishra & Delivoria-Papadopoulos, 1999;
Robertson & Finer, 1993):

1. Accumulation of intracellular Ca** and subsequent activation of:

* Phospholipase a2 leading to increased generation of oxygen FRs from cyclooxygenase
(COX) and lipoxygenase (LOX) pathways, and phospholipase C leading to IP3
formation resulting in release of Ca2+ from intracellular stores. Neonates also have high
concentrations of PUFAs that break down to form more oxygen FR (Shalak & Perlman,
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2004). ROS contribute to tissue injury by attacking the PUFAs component of the cellular
membrane, resulting in membrane fragmentation and cell death.

* Nitric oxide synthase (NOS) leading to peroxinitrite formation and generation of FRs.
NO is a weak free radical formed during the conversion of L-arginine to L-citrulline by
NO synthase (NOS). NOS is strongly activated during H-I and reperfusion, producing
a large amount of NO for extended periods. When combined with superoxide, NO
generates a potent radical, peroxynitrite, which activates lipid peroxidation. In addi-
tion, NO enhances glutamate release (Palmer, 1995). The generation of ROS which
interact with endothelial cell-derived NO leading to the formation of reactive nitrogen
species (RNS). ROS and RNS target endothelial cells and neuronal cells, and both the
oxidative stress and the nitrosative stress have been implicated in animal models of
perinatal brain damage (Grow & Barks, 2002; McQuillen & Ferriero, 2004).

* Proteases leading to conversion of xanthine oxidase resulting in increased FR genera-
tion.

2. Reduction of electron transport chain components including ubiquinone (a component
that undergoes autooxidation to produce FRs) (Turrens et al, 1985).

3. Release of iron from ferritin under the condition of depleted cellular high energy
compounds. Physiologically, iron is maintained in a nontoxic ferric state and is bound to
proteins (ferritin, transferrin). During H-I, free ferric iron is released from these proteins
and reacts with peroxides to generate potent hydroxyl radicals. In addition, free ferriciron
is reduced to a ferrous form, which further contributes to FR injury. Iron is a major
mediator of cell damage. Differentiating OLs are particularly susceptible to FR damage
because they are rich in iron, which is required for differentiation.

and

4. Increased degradation of ATP during hypoxia and increased substrate for the xanthine
oxidase reaction Hypoxanthine accumulates as a product of ATP degradation and cannot
be reconverted to ATP by the salvage pathway in anaerobic conditions. Xanthine dehy-
drogenase is converted to xanthine oxidase through the activation of a specific protease
by calcium and this reaction produces ROS.

4.2.2. Excitotoxicity (Excitatory neurotransmitter release)

Definitions of Excitotoxicity: Excessive levels of extracellular neurotransmitters (NT's)
causing excitatory overstimulation and neuronal damage.

The fundamental process responsible for H-I damage of neurons is called excitotoxicity, a term
popularized in 1970s by John Olney that refers to cell death caused by excessive stimulation
of extracellular excitatory amino acid (EA As) receptors (Choi &, Rothman, 1990). Both hypoxia
and ischemia result in the failure of energy-dependent ion pumps and causes cellular depo-
larization, increasing the release of EAAs -glutamate and aspartate- into the extracellular space
in the cerebral cortex and basal ganglia.



Neuroprotection in Perinatal Hypoxic-Ischemic Encephalopathy — Pharmacologic Combination Therapy
http://dx.doi.org/10.5772/57459

The amino acid glutamate is the major excitatory NTs in the central nervous system (CNS).
During neurotransmission, glutamate is released from pre-synpatic neurons by means of
depolarisation of the pre-synaptic neuronal endplate, and then diffuses across the synaptic
cleft to activate post-synaptic glutamatergic receptors. Several studies indicate that glutamate
receptor-mediated excitotoxicity is a key player in neuronal cell death and that it is more
critically involved in the developing brain than in the adult brain (Johnston, 2001). The
neuronal injury occurring with cerebral H-I has been attributed to overstimulation of the
Nmethyl-D-aspartate (NMDA) and alfa-amino-3-hydroxy- 5-methyl-4-isoxazole-propionic
acid (AMPA) subtypes of excitatory amino acid glutamate receptors. Acute energy deprivation
leads to the excessive release of extracellular glutamate and uncontrolled activation of
ionotrophic glutamate receptors NMDA, AMPA, and kainate, impedes energy-dependent
reuptake of glutamate and causes the rise in intracellular Ca2+ concentration. The massively
increased levels of intracellular second messenger Ca2+ trigger activation of toxic intracellular
pathways involving kinases, phosphatases, proteases, endonucleases, FRs, mitochondrial
dysfunction, inflammation, DNA damage, and, ultimately, irreversible neuronal injury and
death (Choi & Rothman, 1990; McDonald, 1998). Another important component of glutamate
synaptic dysfunction caused by H-I is postsynaptic neuronal membrane depolarization with
secondary opening of voltage-sensitive channels. Membrane depolarization due to high levels
of synaptic glutamate produces maximum channel opening and flooding of calcium and
sodium into neurons. Although high levels of glutamate can produce some degree of mem-
brane depolarization under normal mitochondrial function, maximal excitotoxicity probably
occurs when there is synergism between high synaptic glutamate levels due to disruption of
glucose delivery and oxidative stress. The prominent role of the NMDA receptor—channel
complex in perinatal H-I is related in part to its special transient role in brain development.
The NMDA receptor subunits in the developing brain create populations of receptors that
input more calcium, open more easily and block less frequently than mature forms, allowing
them to serve these special developmental roles. However, this makes the immature brain
more susceptible to excitotoxic injury if critical levels of energy failure are exceeded. For
instance, neurotoxicity mediated by NMDA is more enhanced in the neonatal brain than the
adult brain. Besides, NMDA receptors play an important role in activity-dependent neuronal
plasticity during development Therefore, development-dependent changes in the expression
of NMDA receptor subunits and their composition are, at least in part, responsible for the fact
that immature brains are far more excitable and epileptogenic than the adult brain.

A second important mechanism for the destruction of ion pumps is the lipid peroxidation of
cell membranes, where enzyme systems, such as the Na*/K*-ATPase, are located. This leads to
water influx and cell swelling, causing cell death. EAAs also increase the local release of NO,
which may exacerbate neuronal damage, although its mechanisms are unclear. It is quite
possible that EAAs disrupt factors that normally control apoptosis, increasing the pace and
extent of programmed cell death. The regional differences in injury severity may be explained
by the fact that EAAs particularly affect the hippocampus, the developing oligodendroglia,
and the subplate neurons along the borders of the periventricular region in the developing
brain. This may be the basis for the disruption of long-term learning and memory faculties in
infants with HIE (Barks & Silverstein, 1992).
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4.2.3. Inflammatory mediators (Microglial and astrocyte activation)

Neuroinflammation, caused by activated microglia and astrocytes, plays a key role in the
pathogenesis of CP. Maternal intrauterine infection and inflammation are risk factors for the
development of PVL (characterized by focal necrosis around the ventricles, and diffuse
microglial and astrocyte activation in the immature WM) and CP in the neonate (Haynes et al,
2003; Leviton et al, 2010). The microglia -immune cells in the brain-, play an important role in
remodeling and growth during the fetal and postnatal periods, and they are proposed to be
involved in the pathophysiological mechanism for the development of CP in humans.
Activation of these cells can result in an exaggerated inflammatory response with formation
of FR, excitotoxic metabolites, and pro-inflammatory cytokines, leading to brain injury
(Dommergues et al, 2003; Li et al, 2008). In severe inflammation, astrocytes that normally
participate in the protection of neurons and in preventing oxidative injury, are unable to
maintain their neuroprotective role (Maragakis & Rothstein, 2006). H-I injury in the neonate
is progressive, producing lesions of variable severity including focal necrotic cell death, diffuse
WM injury, cystic or cavitary infarction and the resulting neuropathies linked to the activation
of neuroinflammatory processes (inflammatory cytokines, chemokines, and matrix metallo-
proteinase (MMP) activity) that occur in response to the initial wave of cell death.

Cytokines may be classified as interleukins (IL), interferons, tumor necrosis factors, chemo-
kines (proteins that stimulate leukocyte motility), and growth factors. Systemically, cytokines
may be ““proinflammatory” (eg, IL-1b, TNFa, IL-6, IL-8) or “antiinflammatory”’ (eg, IL-4, IL-10,
TGFa). However, this subdivision may not apply to the CNS. Cytokines that are produced
peripherally can send signals to the brain, but more importantly, they are produced locally
within the CNS in response to acute insults, including H-I. Cytokines may act on neurons,
astrocytes, microglia, and endothelium, and may influence CNS injury indirectly by way of
systemic parameters, such as blood flow and temperature. Cytokines can also play trophic
roles during development, and their effects may differ depending on cell type (Grow & Barks,
2002). In experimental models, there is strong evidence that increased IL-1b gene expression
and bioactivity after HI contributes to the pathogenesis of H-I injury in the immature and adult
brain, (Hagberg et al, 1996). Clinical data also suggest that inflammatory mediators play a role
in the pathogenesis of H-I brain injury: In human infants, CSF IL-6 and IL-8 concentrations are
increased after birth asphyxia in comparison with controls; the magnitude of the increases
correlates with the severity of the encephalopathy (Savman et al, 1998).

Chemokines are cytokines that regulate leukocyte migration and activation. H-I induces
increased expression of two potent monocyte chemokines (MCP-1 and MIP-1a). This chemo-
kine response precedes, and may mediate, the recruitment and activation of monocytes and
microglia. There is no direct evidence that these chemokines contribute to neonatal HI brain
injury. A large body of evidence implicates neutrophils and leukocyte adhesion molecules in
the pathogenesis of focal cerebral ischemia in the adult brain, but there is only limited
information to substantiate a role for these mediators in the pathogenesis of neonatal cerebral
H-I (Hudome et al, 1997).

Neural injury after H-I is exacerbated due to neuroinflammatory signaling from activated
microglia and peripheral infiltration of macrophage, cell death via necrotic and apoptotic
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mechanisms, and astrogliosis. Activation of microglia and macrophage infiltration is associ-
ated with the necessary phagocytosis of cellular debris, but it also results in a burden of
increased production of neurotoxic substances, such as RNS and ROS, pro-inflammatory
cytokines, and the NMDA agonist quinolinic acid. Thus, prolonged activation of these
monocyte-derived cells for at least a week may elicit further deleterious changes in the brain
(Nakajima & Kohsaka, 2004).

4.3. Mechanisms of neuronal cell death after hypoxia-ischemia

Excitotoxic cell death occurs through necrosis and/or apoptosis (also known as programmed
cell death), the balance between modes of death may be influenced by the severity of the insult,
cell phenotype and location, and maturational stage. One important characteristic feature of
ischemia is selective neuronal necrosis (SNN), which is characterized predominantly by
neuronal death whereas the astroglial cells are spared, at least initially. Necrosis predominates
in more severely affected areas; apoptosis is seen more in penumbral areas of the injury. Several
important features distinguish apoptotic from necrotic death (Northington et al, 2001):

1. Apoptosis is a physiologic process. Is the mechanism for refining cell connections and
pathways during development by removing many neurons that will not be needed in
adulthood, it is an essential part of normal brain development. This fact may underlie the
observation that the propensity for experimental H-I to induce apoptosis peaks in the
early, postnatal period.

2. Apoptosis is an active process, dependent on activation of a family of proteases called
caspases that are modulated by other proteins (eg, those of the Bcl-2 family). The bio-
chemical cascade of apoptosis can be blocked pharmacologically at several points.

3. Necrosis is characterized by cell swelling and eventual loss of cell membrane integrity
followed by cell lysis. Resultant inflammation is a significant part of necrotic death. In
contrast, apoptosis is an energy-dependent process and is characterized by a shrinking of
the cytoplasm, condensation of the nucleus and eventual fragmentation of the cell body
into smaller bodies. Markers of apoptosis such as cytoplasmic and nuclear condensation,
as well as nuclear DNA fragmentation, appear in neurones, particularly in the infarct and
penumbra of cerebral injury.

4. The time course of apoptotic death in H-Iis slower than that of necrotic death. This feature
may provide a more prolonged window of opportunity for therapeutic intervention than
for necrotic death.

Early H-I-induced neuronal death occurs through necrosis (primary damage). Delayed
neuronal death (secondary damage) occurs hours or days later through a series of complex
and highly regulated biochemical and molecular events leading to apoptosis. Accumulating
data suggest that apoptosis plays a prominent role in the evolution of H-I injury in the neonatal
brain and may be more important than necrosis after injury. During neonatal brain injury,
excitotoxicity, oxidative stress, and inflammation all contribute to accelerated cell death by
means of either apoptosis or necrosis, depending on the region of the brain affected and the
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severity of the insult (Blaschke, 1996). This apoptosis—necrosis morphological continuum of
neuronal death after H-I is similar to that observed in neonatal rats after excitotoxic activation
of NMDA and non-NMDA glutamate receptors, suggesting that H-I neuronal injury is
triggered by the excitotoxic cascade (Portera-Cailliau, 1997; Martin, 1998; Bittigau, 1999).

Recent explosive progress toward dissecting the molecular basis of apoptosis revealed the
existence of family acting proteases, known as caspases. These protein-splitting enzymes act
in a cascade form when signals are transmitted from the various receptors. Caspases sequen-
tially activate each other and several proapoptotic protein kinases and disable DNA repair
mechanisms (e.g., by cleaving poly (ADP-ribose) polymerase, PARP). Apoptosis can be elicited
through two pathways:

* Intrinsic pathway: in which translocation of cytochrome ¢ from the mitochondria to the
cytoplasm is an early step; when translocated cytochrome ¢ combines with ATP, apoptosis
protease activating factor-1 (Apaf-1) and procaspase-9, caspase-9is cleaved toits active state.

* Extrinsic pathway initiated by cell membrane death receptor activation (e.g. TNF receptor).
Death receptor-ligand interactions lead to caspase-8 activation.

Activation of either caspase-8 or -9 (initiator caspases) leads to cleavage and activation of
caspase-3 (effector caspase). Caspase activation is modulated by the BCL-2 family of proteins,
which includes proapoptotic (eg, Bax) and antiapoptotic (eg, Bcl-XL) members. ROS can induce
apoptosis in neurons. This effect is mediated by mitochondrial cytochrome c release (Green,
2000). Current data implicate the caspase-9 pathway as predominant in acute neuronal injury.
Ca2+ is an important inducing agent in the mitochondria-dependent apoptotic pathway.
Increased free cytosolic Ca2+ may lead to uncoupling of mitochondrial oxidative phosphory-
lation, inducing the mitochondrial the release of cytochrome c. Once released from mitochon-
dria, cytochrome c specifically activates caspase 3, which triggers a biochemical cascade
involving activation of many other caspases and other substrates. Known substrates of
activated caspase-3 include PARP (a nuclear enzyme that participates in DNA repair), and
DNA-dependent kinase, endonucleases, and cytoskeletal proteins (eg, fodrins, actin, lamin).
Caspase-3 is strongly activated in animal models of H-I, resulting in increased activity of PARP
in neuronal nuclei, indicating activation of the DNA repair pathway (Mehmet, 1994). On the
other hand, pancaspase inhibitors are strongly neuroprotective when given several hours after
the insult (McDonald, 1997).

Severe cerebral ischemia also results in a major increase in intracellular Ca2+, which is closely
related to NO. Both play a fundamental role in signal transduction —controlling cell processes
such as proliferation (Ashkenazi, 1998). NO has several important physiologic functions in the
CNS. These include control of central and peripheral functions, modulation of synaptic
plasticity, perception of pain and neuronal damage, and protection. High NO levels may be
neurotoxic and induce apoptosis or necrosis. Changes in intracellular Ca2+ or NO may
alternatively lead to blockade or activation of the cell cycle, and the decision as to whether the
cell lives or dies is presumably a well-regulated phenomenon in which the duration and
intensity of the Ca2+ and NO signals may play a fundamental role. Identification of enzymes
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and substrates for these phosphorylation pathways would shed light on hypoxia-induced
processes leading to cell recovery or death (Esplugues. 2002).

NMDA channel overactivity, calcium entry into neurons, production of NO, and mitochon-
drial dysfunction are intimately linked in a potentially lethal cycle. There is abundant evidence
that excitotoxic injury to neuronal mitochondria is linked to activation of neuronal death, and
mitochondria appear to play a central role in determining expression of injury as necrosis and/
or apoptosis, determining whether neurons live or die following hypoxic—ischemic insult. The
death receptor and mitochondrial apoptosis pathways converge at the caspases that cleave
multiple cellular substrates, ending in DNA fragmentation and cell death. It is noteworthy that
activation of apoptosis-executing caspases is much greater in the immature brain than in the
adult brain (Hu, 2000).

From the above it follows, that one of the main difficulties for developing a neuroprotective
pharmacotherapy is the existence of multiple cellular death mechanisms, occurring in different
cells or even in the same cell, which may all need to be inhibited. In fact, the widely accepted
apoptosis-necrosis dichotomy is being replaced by a more complex view involving a third type
of cell death, named autophagic cell death, characterized by the presence of intense autophagy
(Clarke, 2008). Whereas the roles of apoptosis and necrosis in such conditions have been
studied intensively, the implication of autophagic cell death has only recently been considered.
Autophagy is an essential pathway for the degradation and recycling of intracellular macro-
molecules. The most important autophagic mechanism, macroautophagy, consists in the
sequestration of long-lived proteins and damaged organelles in multimembrane vesicles,
named autophagosomes, which then fuse with lysosomes to degrade their contents. Whereas
basal macroautophagy (called hereafter autophagy) plays a central physiological function in
maintaining cellular homeostasis, induced autophagy may have both survival and deleterious
roles. In neurons, autophagy has been demonstrated to be induced during development,
starvation, neurodegeneration, and also after different excitotoxic stimuli. More recently, an
involvement of enhanced autophagy in neuronal death following cerebral ischemia has been
proposed (Koike, 2008).

4.4. Neurogenetic and gliogenetic processes after H-I injury

Recent studies in brains damaged by H-I insult have demonstrated that some cellular
mechanisms can be activated in order to repair cerebral injuries. These mechanisms involve
the neural stem/progenitor cells (NSPs) normally resident in the subventricular zone (SVZ)
of the mammalian brain that can be stimulated by H-I to proliferate and differentiate into
both neurons and OLs. These new cells are likely to play an important role in repairing
neuronal and glial losses related to HIE. Perinatal H-I results in brain injury, whereas mild
hypoxic episodes result in preconditioning, which can significantly reduce the vulnerabili-
ty of the brain to subsequent severe H-I. “In vivo”, hypoxic-preconditioning has been shown
to enhance cell survival and differentiation of progenitor cells in the CNS, stimulating SVZ
proliferation and neurogenesis. This phenomenon may be a positive adaptation for an
efficient repair and plasticity in the event of a H-I insult (Ara, 2013). Therefore, the NSPs
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in the SVZ could be a valuable target for therapeutic strategies to enhance recovery after
cerebral H-I injury (Scafidi, 2008).

5. Therapeutic window

Brain injury following H-I insult is a complex process evolving over hours to days, which
provides a unique window of opportunity for neuroprotective treatment interventions. The
seminal concept emerging from both experimental and clinical studies is that brain cell death
does not necessarily occur during H-I (the ‘primary” phase of injury), but rather that the
injurious event may precipitate a cascade of biochemical processes leading to delayed cell
death, hours or even days afterwards (the “secondary’ phase). Experimental studies in piglets,
immature rats, and fetal sheep have demonstrated the existence of both a primary phase of
energy failure during H-I, a ‘latent’ phase during which oxidative metabolism normalizes,
followed by secondary failure of oxidative metabolism. Consistent with these studies,
although with exceptions (some newborn infants exposed to profound asphyxia show no
initial recovery of oxidative metabolism after birth and typically have very severe brain injury
and high mortality), in many cases infants show initial, transient recovery of cerebral oxidative
metabolism followed by a secondary deterioration, with cerebral energy failure from 6 to 15
hours after birth. The severity of secondary energy failure correlates closely with the severity
of neurodevelopmental outcome at 1 and 4 years of age. Critically, for understanding labor
insults, experimental studies show that a single ‘sub-threshold” insult that causes either minor
or no neural injury can lead to a phase of increased vulnerability to further insults in a similar
window of around 6 or more hours (Gunn, 2009). Advances in neuroimaging, brain monitoring
techniques, and tissue biomarkers have improved the ability to diagnose, monitor, and care
for newborn infants with neonatal encephalopathy, as well as to predict their outcome. The
importance given to the role of oxidative stress in newborn morbidity with respect to the higher
risk of FR damage in these babies is growing. However, challenges remain in early identifica-
tion of infants at risk for neonatal encephalopathy, determination of timing and extent of H-I
brain injury, as well as optimal management and treatment duration (Buonocore, 2012).

The literature review reinforces the notion that the spectrum of H-I encephalopathy outcomes
represents a continuum, which has important implications for the prediction of outcome and
the indications for intervention. Perlman & Shah (Perlman & Shah, 2011) summarize predictive
clinical criteria at 3 time points: the first 6 hours of life, 6-72 hours of life, and at hospital
discharge. They highlight the predictions at pivotal decision making times: at 0-6 hours (the
earlier the better), to initiate or not to initiate neuroprotection, and at 6-72 hours, to identify,
implement, and achieve the goal of withdrawing lifesustaining therapy.

The “therapeutic window” is this interval after reperfusion (“reperfusion window”: narrow
therapeutic time-window within 6 hours of insult), during which an intervention might be
efficacious in reducing the severity of the ultimate brain damage. As we previously mentioned,
the cascade of biochemical and histopathological events initiated by H-I can extend from days
to weeks after the insult is triggered, which may provide a "therapeutic window of opportu-
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nity", probably more extensive (ranging from 6 to 72 hours, called “cytoprotection window”),
for intervening in the pathogenesis of the developing brain. But such interventions are
currently limited by insufficient knowledge of the timing and duration of the so-called
therapeutic window in newborns (Barks, 2008; Levene, 2010). Recent data suggests that
interventions for perinatal HIE may be combined to enhance the protective and reparative
processes, and thought must be given to the best time to administer these interventions. As
we described before, injury evolves over long periods of time with different mechanistic
phases, adding to the already slow process of neuronal necrosis and apoptosis that can extend
for several hours to a day or more. Therefore, therapies will also need to be administered over
long periods of time, with different combination of drugs aimed at these temporally evolving
targets.

6. Neuroprotective therapies

Asphyxia thus constitutes one of the leading avoidable causes of morbi-mortality in the
newborn, and, therefore neuroprotection strategies oriented to prevent neuronal lesion (or at
least minimize its consequences) are currently one of the most important lines of research in
perinatal medicine. Before the introduction of neuroprotective therapies, the management of
neonates with HIE in Neonatal Intensive Care Unit (NICU), was limited to supportive
intensive care, including resuscitation in the delivery room followed by stabilization of
hemodynamic and pulmonary disturbances (hypotension, metabolic acidosis, and hypoven-
tilation), correction of metabolic disturbances, (glucose, calcium, magnesium and electrolytes),
monitoring for multiorgan dysfunction and treatment of seizures.

There has been significant research progress in HIE over the last 2 decades, and many new
molecular mechanisms have been identified. Despite all these advances, therapeutic interven-
tions are still limited. At present, magnesium sulfate in preterm- and hypothermia in term
newborns are currently the only treatments recognized as effective in neonatal HIE, and they
are the focus of completed or continuing clinical trials.

6.1. Hypothermia

Hypothermia has been shown to be neuroprotective at critical cellular and vascular sites of
cerebral injury in fetal/neonatal models of HI by inhibiting many steps in the excitotoxic-
oxidative cascade. The mechanism of action of hypothermia includes: 1) decrease in energy
use, decrease in cerebral oxygen consumption and amelioration of secondary energy failure;
2) inhibition of the increase of lactic acid in the brain; 3) reduction/suppression of extracellular
EAA -glutamate- accumulation; 4) inhibition of NOS activity and NO concentrations; 5)
suppression of FR activity and lipid peroxidation; 6) decrease of inflammation: inhibits platelet
activating factor (PAF); decreases the level of interleukin-lbeta and the release of toxic
cytokines themicroglial/glial cells and inhibits protease activation, 7) attenuation of secondary
energy failure; 8) inhibition of mitochondrial failure; 9) inhibition of necrosis and decrease of
caspase-3 activation and morphologic evidence of apoptosis. Hypothermia has been shown to
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reduce cerebral metabolism, prevent edema and loss of membrane potential, decreas brain
energy use, prolong the latent phase, reduce infarct size, decrease neuronal cell loss, and the
extent of brain injury and epileptic activity, relieves the permeability of BBB and intracranial
pressure, helps to retains sensory motor function, and preserves hippocampal structures
(Shankaran, 2012).

Factors that influence the effects of hypothermia include the target body temperature, mode
of hypothermia induction (selective head cooling vs total body cooling), duration of hypo-
thermia, and rate of rewarming. Hypothermia after neonatal HIE, to a target temperature of
33-34°C for 72 hours has currently been shown to reduce death or disability at 18 months or
increase the rate of survivors without disabilities. The safety and effectiveness of hypothermia
as neuroprotection agent has been reported in in many randomized controlled trials to date,
enrolling infants born at greater than or equal to 36 weeks or greater than or equal to 35 weeks
gestation, within the therapeutic window of 6 hours (Gluckman, 2005; Shankaran et al., 2005,
Shankaran et al.,, 2008; Azzopardi, 2009; Edwards, 2010; Rutherford, 2010; Zhou, 2010;
Simbruner, 2010; Jacobs, 2011; Tagin,2012).

These trials have all included moderate/severe stage of encephalopathy (Sarnat & Sarnat,
1976) as eligibility criteria in random assignment studies at < 6 hours of age. Three trials
included the additional criteria of abnormal amplitude-integrated electroencephalography
(aEEG).(Gluckman, 2005; Azzopardi 2009; Simbruner 2010).

The Cool Cap trial (Gluckman, 2005) involved 234 term infants with moderate or severe
encephalopathy and abnormal aEEG. Death or disability occurred in 66% conventional care
and 55% cooled group (adjusted odds ratio [OR] [95% CI] 0.61 [0.34-1.09], P 5.10). Predefined
subgroup analysis suggested that head cooling had no effect in infants with the most severe
aEEG changes but was beneficial in infants with less severe aEEG changes.

The National Institute of Child Health and Human Development (NICHD) Neonatal Research
Network (NRN) randomized controlled trial (RCT) of whole-body hypothermia for neonates
with HIE: 208 term infants with moderate or severe encephalopathy were randomly assigned
to whole-body cooling to an esophageal temperature of 33.5° C for 72 hours or usual care.
Death or severe disability occurred in 62% of the usual care group and 44% of the hypothermia
group (relative risk [RR] [95% CI] 0.72 [0.54-0.95], P 5.01) (Shankaran et al., 2005).

The Total Body Hypothermia for Neonatal Encephalopathy (TOBY) trial (Azzopardi, 2009)
enrolled 325 infants. Death or severe disability occurred in 53% of the standard care group and
45% of the hypothermia group (RR 0.86 [0.68-1.07], P 5.17). The rate of CP was lower, and
improved mental and psychomotor indices were noted in the hypothermia group as compared
with the usual care group (all P<.05). (Rutherford, 2010).

Hypothermia is currently the only treatment recognized as effective in neonatal HIE at present,
and the only recommends therapeutic as a standard practice (Biban, 2011). Hypothermia is
currently being recommended since 2010 by health care policy makers:

* The international Liaison Committee on Resuscitation (ILCOR). The most recent Interna-
tional Consensus Conference was held in Dallas in February 2010 and the published



Neuroprotection in Perinatal Hypoxic-Ischemic Encephalopathy — Pharmacologic Combination Therapy
http://dx.doi.org/10.5772/57459

conclusions and recommendations from this process form the basis of these 2010 ERC
Guidelines (guideline of ILCOR CoSTR 2010) (Hazinski, 2010).

* American Heart Association Guidelines for Cardiopulmonary Resuscitation and Emergen-
cy Cardiovascular Care (Kattwinkel, 2010).

* The International Consensus on Cardiopulmonary Resuscitation and Emergency Cardio-
vascular Care Science with Treatment Recommendations (Perlman, 2010).

* The 2010 guidelines released by the European Resuscitation Council (ERC) (Nolana, 2010).
* and the American Academy of Pediatrics (AAP) (Shelov, 2011).

The guides recommend therapeutic hypothermia as a standard practice for term or near term
infants with moderate to severe HIE, stating that during the postresuscitation period in greater
than or equal to 36-week gestation neonates with evolving moderate or severe encephalopathy,
hypothermia should be offered in the context of clearly defined protocols similar to published
trials. Further trials to determine the appropriate techniques of cooling, including refinement
of patient selection, duration of cooling and method of providing therapeutic hypothermia,
will refine our understanding of this intervention (Cochrane Database; Jacobs, 2013).

6.2. Neuroprotective drugs

Although therapeutic hypothermia is a significant advance in the developed world and
improves outcome, the rate of death or disability following hypothermia for neonatal HIE is
unacceptably high and ranges from 31% to 55% in the published trials, therefore it is becoming
evident that the association of moderate hypothermia with another neuroprotective interven-
tions drugs may enhance the outcome.

Therefore, there still is an urgent need for other treatment options. Further, there are currently
no clinically established interventions that can be given antenatally to ameliorate brain injury
after fetal distress. One of the major limitations to progress is what may be called “the curse
of choice” (Robertson, 2012). A large number of possible neuroprotective therapies have shown
promise in pre-clinical studies (Painter, 1995; Kelen & Robertson, 2010). The lines of research
currently include: 1) antenatal therapy for fetuses with a diagnosis of antenatal fetal distress
at term; 2) and postnatal therapy of infants with moderate to severe neonatal encephalopathy.
To date, there is no consensus on which drugs have a higher chance of success in preventing
the continued neuronal loss for either antenatal or postnatal treatment in human neonates who
have suffered from HIE (reviewed in Degos, 2008; Gonzalez & Ferriero, 2008; Kelen &
Robertson, 2010; Rees et al, 2011; Buonocore et al, 2012; Robertson et al, 2012).

The majority of the drugs used as neuroprotective therapy in animal models does not penetrate
in good condition the BBB. Thus, drug delivery across the BBB to target cells to treat diffuse
brain injury is the hardest challenge. The development of new biocompatible dendrimers has
become an important objective for the companies involved in Biotechnology. Among the
potential applications of these nanopolymer biopharmaceuticals it would be improving the drug
transport to increase both the bioavailability and the active fraction, as well as the controlling
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the release of pharmaceuticals in order to custom and /or prolong the drug delivery over time.
In this way, the use of nanoparticles opens a new door to cerebral HIE treatment.

Bellow, we review the drugs that have shown both higher neuroprotection and clinical safety
and, therefore, could be applied to neonates. Since many of them have several mechanisms of
action, they have been classified according to their predominant effect (see FIGURE 2).

6.2.1. Anticonvulsant drugs

The developing brain has both a higher incidence of seizures in human and animal models,
and experiences seizures that can produce long-lasting consequences that are also stage-
dependent (Ben-Ari, 2006). Perinatal H-I brain injury is one of the most important causes of
epilepsy (Carrascosa et al, 1996), which occur in the majority (15-60%) of children with CP.
Epilepsy is a disorder in which the balance between cerebral excitability and inhibition is
tipped towards uncontrolled excitability. Selected neuronal circuits as well as certain popula-
tions of glial cells die from the excitotoxicity triggered by HI. The presence of seizure, practi-
cally occurring within the first hours, predicates a poor outcome of HIE.

The treatment of seizures is an essential component of the HIE management. Seizures are
generally self-limited to the first days of life but may significantly compromise other body
functions, such as maintenance of ventilation, oxygenation, and blood pressure. Additionally,
seizures should be treated early and be well controlled, since even asymptomatic seizures (seen
only on the EEG) may continue to injure the brain. The energy metabolism can be compromised
by the hyperactive neurons, and both acute energy deprivation after HI insult and seizures are
implicated in excitotoxicity. Thus, the therapeutic value of antiepileptic drugs (AEDs) may
include not only the control of seizure activity but also the potentiall benefit for the compro-
mised cellular energy metabolism (Aicardi, 2008).

Basic and clinical studies indicate that seizures in neonates have long-term neurodevelop-
mental and psychiatric consequences, highlighting the need for novel pharmacotherapeutics.
The two most common classes of AEDs are GABAA receptor agonists and NMDA receptor
antagonists. Currently, the first-line medical treatment for neonatal seizures is composed of
drugs that increase GABA receptor channel chloride currents, like barbiturate and benzodia-
zepines (Calabresi et al, 2003).

* Phenobarbital (FDA-approved)

Phenobarbital (PB) increases GABA subtype A (GABAA)-receptor channel chloride currents.
It is also important to acknowledge that PB has multiple potential modes of action in addition
to anticonvulsant effects that could contribute to neuroprotection in this setting, including
reduced cerebral metabolic demand, antioxidant effects and decreased cerebral edema.

PB controls seizures in less than half of newborns (Painter et al, 1999). This reduced efficacy
of GABA-enhancing AEDs has been linked to neuronal chloride transport in the developing
brain. In the adult nervous system, due to low intracellular levels of Cl-, GABA inhibits most
neurons by activation of GABAARs, causing Cl- influx, membrane hyperpolarization, and
inhibition. In immature neurons, the Cl-exporting activity of KCC2 is lower than in mature
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neurons and in the context of NKCC1 expression, neuronal [Cl]; is higher and GABA , reversal
potential (Egap, is more depolarized. High levels of expression of the Na+-K+-2Cl- (NKCC1)
cotransporter in immature neurons cause the accumulation of intracellular chloride and,
therefore, a depolarized Cl- equilibrium potential. This results in the outward flux of Cl-
through GABA(A) channels, the opposite direction compared with mature neurons, in which
GABA(A) receptor activation is inhibitory because Cl- flows into the cell (for review see De
Cabo-de la Vega et al 2006). This outward flow of Cl- in neonatal neurons is excitatory and
contributes to a greater seizure propensity and poor electroencephalographic response to
GABAergic anticonvulsants such as PB and benzodiazepines (Khanna et al, 2013). It is also
intriguing to consider that recent insights regarding the impact of maturational changes in
neuronal chloride transporter expression on GABA receptor function may provide strategies
that could improve the neuroprotective efficacy of PB in the neonate. Specifically, blocking the
neonatal neuronal chloride transporter with bumetanide can augment the inhibitory activity
of GABA agonists such as PB (Costa et al, 2006).

On the other hand, recent research have found that administration of PB is potentially harmful
drug, associated with widespread apoptotic neurodegeneration throughout the brain when
administered to immature rodents during the period of the brain growth spurt (Bittigau et al,
2003). Compounds that may cause neuronal apoptosis in the developing brain include
antagonists of NMDA receptors (ketamine), agonists of GABAA receptors (barbiturates and
benzodiazepines), and sodium-channel blockers (phenytoin, valproate) (Olney et al, 2002).
Nevertheless, PB remains the preferred drug for the treatment of seizures in neonates with
HIE (Volpe, 2008; Slaughter et al 2013). It is still a controversial issue whether PB treatment
should be administered before the seizure attacks. In a small randomized trial, treatment of
infants with HIE with PB within 6 hours of birth resulted in a decrease in death or disability
at three years of age (Hall et al, 1998). At the present time, anticonvulsant therapy to term
infants in the immediate period following perinatal asphyxia cannot be recommended for
routine clinical practice, other than in the treatment of prolonged or frequent clinical seizures
(Evans et al, 2007).

In a neonatal rodent model the early post- H-I administration of PB may augment the neuro-
protective efficacy of therapeutic hypothermia (Barks et al, 2012). Sarkar et al. (Sarkar et al,
2012) found that the PB treatment before cooling did not improve the composite outcome of
neonatal death or the presence of an abnormal post-hypothermia brain MRI. Whether this
combination treatment could also result in improved neuroprotective efficacy in conjunction
with cooling is an interesting question for future research.

* Bumetanide (FDA-approved)

Low concentrations of the diuretic bumetanide have been shown to alter the ion gradient that
underlies the excitatory effects of GABA. Blocking the NKCCI1 transporter with bumetanide
prevents outward Cl- flux and causes a more negative GABA equilibrium potential in
immature neurons. While several studies have reported anti-convulsant effects of bumetanide
(Kahle et al, 2009), others have found no significant anti-convulsant effect. The alteration of Cl-
transport by bumetanide reduces electrographic seizures, and the combination of bumetanide
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and PB is significantly more effective than PB alone on seizure occurrence, frequency, and
duration (Dzhala et al, 2008). Currently there are two clinical trials evaluating bumetanide as
a treatment for neonatal seizures. A phase I trial (NCT00830531) is actively enrolling patients
in a randomized, double-blind, controlled dose-escalation study of bumetanide as an add-on
therapy to treat refractory seizures caused by HIE. A second trial (NCT01434225) is being
performed by a large, multi-center European group in an “open-label,” dose escalation fashion
to assess the effect of bumetanide in addition to PB for the treatment of neonatal seizures caused
by HIE. Data from these pilot studies will be utilized to guide the design of larger Phase III
trials that will determine the efficacy of bumetanide in the treatment of neonatal seizures
(Khanna et al, 2013).

6.2.2. Anti-calcium drugs: Calcium channel blockers

Calcium channel blockers such as Nimodipine, Flunarizine and Nicardipine.

Calcium antagonist pretreatment attenuates HI damage in immature animals models.
However, there is no clinical evidence, that such agents are neuroprotective in asphyxiated
newborn infants. This may be attributable to lack of selectivity of the available drugs for
neuronal calcium channels, poor BBB penetration, or the inability of these agents to affect
intracellular calcium stores. Besides, the use of calcium channel blockers in severely asphyxi-
ated newborn infants has been associated with clinically important hypotension and fall in
cerebral blood-flow velocity, and if there is no cerebral autoregulation, may cause further
cerebral hypoperfusion (Levene et al, 1990).

6.2.3. Antiexcitatory drugs: Glutamate antagonists

Glutamate antagonists are the most studied neuroprotective agents.
A. Inhibition of glutamate release:

* Adenosine A2A receptor antagonist including clonidine and dexmedetomidine (FDA-
approved): have been show to have neuroprotective potential in animal models of
perinatal H-I. Adenosine acts as a NTs in the brain through the activation of four specific
G-protein-coupled receptors (the Al, A2A, A2B, and A3 receptors). The Al receptor has
long been known to mediate neuroprotection, mostly by blockade of Ca2+ influx, which
results in inhibition of glutamate release and reduction of its excitatory effects at a
postsynaptic level. However, the development of selective Al and A2 receptors ago-
nists as anti-ischemic agents has been hampered by their major cardiovascular side effects
(Abbracchio & Cattabeni, 1999).

* Riluzole (FDA-approved): a 2-aminobenzothiazole, is a drug inhibiting glutamate reléase,
neuronal excitability, and interferes with the effects of proteins activated upon NMDA-
receptor stimulation. After discovery of its neuroprotective effects in 1994, riluzole was
approved by the FDA for amyotrophic lateral sclerosis (ALS). However, animal experimen-
tation showed that modest neuronal losses in a H-I model evoked by excitotoxicity have a
severe impact on locomotor network function, and that they cannot be satisfactorily blocked
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by strong neurodepression with riluzole, suggesting the need for more effective pharma-
cological approaches (Samano et al, 2012).

B. The blockers of glutamate receptors:

The blockers of glutamate receptors [non-nmda (particularly AMPA receptors) and NMDA
receptors], have conflicting results. Antagonists of the NMDA receptors (NMDARs) for
glutamate are potent neuroprotective agents in several animal models of perinatal brain
lesions. Administration of pharmacologic antagonists of the NMDA, AMPA/kainate or
metabotropic receptors attenuates H-I-induced neuronal injury. Administration of an AMPA/
kainate antagonist (but not NMDA antagonists) attenuates H-I oligodendroglial injury (Follett
et al, 2000). Conversely, increasing the expression of glutamate transporters has been shown
to be neuroprotective in “in vitro” models of ischemic damage and an “in vivo” model of
amyotrophic lateral sclerosis. Collectively, these data indicate a neuroprotective role of
astrocytes by glutamate uptake via their glutamate transporters. Combination therapy with
non-NMDA and NMDA antagonists could achieve a dual beneficial.

* AMPA/kainate antagonist:
Topiramate (FDA-approved)

Topiramate (TPM) is a novel anticonvulsant agent currently used in adults and children older
than 2-yr-of-age, characterized by good absorption, high bioavailability, and good tolerability
(Elterman et al, 1999). TPM has multiple mechanisms of action, including: blocking sodium
channels, high voltage-activated calcium currents, enhancing GABAinduced influx of chlor-
ide, and inhibiting kainate/ AMPA glutamate receptors; but also blockade of carbonic anhy-
drase isoenzymes, and mitochondrial permeability transition pore). TPM blockade of AMPA
and kainate receptors (glutamate receptors non-NMDA) shows little neurotoxicity, although
their effects on other stages of brain development such as synaptogenesis have not been
evaluated, prevention of excitotoxicity with TPM appears to be a particularly promising
approach, since the agents shown to be effective experimentally are likely to be clinically safe,
at least in developing animals (Glier et al, 2004). TPM protected pre-OL against excitotoxic or
H-I death (Follett et al, 2004), a key event in the pathophysiology of WM lesions in preterm
infants, and protected the PVWM against damage induced by an AMPA-kainate agonist in
newborn mice (Sfaello et al, 2005). Subsequent studies that demonstrated that TPM treatment
alone confers neuroprotection on H-I brain injury in neonatal rats, with more prolonged
treatment (4 doses over 48h). It is more likely that greater neuroprotective efficacy is attribut-
able to intrinsic AMPA-antagonist properties (Noh et al, 2006). TPM exert neuroprotective
effects against PVL (Follett et al, 2004).

In clinicals models no adverse effects attributable to TPM were detected (Filippi et al, 2010).
Filippi et al. (Filippi et al, 2012) are doing a project (three-centre phase II pilot study entitled
“Safety and Efficacy of Topiramate in Neonates With Hypoxic Ischemic Encephalopathy
Treated With Hypothermia (NeoNATI)”) to evaluate whether the efficacy of moderate
hypothermia can be increased by concomitant topiramate treatment, at 10 mg/kg once a day
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for the first 3 days of life. Any favourable results from this research might open new perspec-
tives about the reduction of cerebral damage in asphyxiated newborns.

* Blockade of NMDA receptors:

NMDA receptors play key roles in successive steps of brain development, including the
proliferation, migration, survival, and differentiation of neurons (Lujan et al, 2005). Therefore,
blocking NMDA receptors at specific neurodevelopmental stages might adversely affect brain
development. Thus, in rats studied during the postnatal growth spurt, transient NMDA-
receptor blockade with the potent noncompetitive antagonist MK-801 led to massive cell death
by apoptosis (Ikonomidou et al, 2002). These findings constitute a strong argument against the
prolonged use of potent NMDA receptor antagonists during brain development.

Although glutamate receptor antagonists have shown excellent neuroprotective effects in
animal studies (Lippman-Bell et al, 2013), these effects have not been validated in clinical
studies. These agents all cause a similar spectrum of neuropsychological symptoms, and
several have important cardiovascular effects. As a result, studies of several NMDA antago-
nists- Selfotel (CGS19755), Gavestinel, Eliprodil and Aptiganel (Cerestat, CNS 1102) - have
been halted; Dextrorphan is not efficacious and may be harmful at higher doses (Labiche &
Grotta, 2004; Jaffer et al, 2011). Other drugs that may interfere with glutamatergic neurotrans-
mission include Amantadine and Memantine, two NMDA receptor antagonists devoid of the
psychotomimetic and neurotoxic effects of phencyclidine (PCP) or dizocilpine (MK-801) when
administered to adults. These drugs are neuroprotective in adults with conditions closely
related to excitotoxicity. Unlike MK-801 and other NMDA blockers, memantine also appears
to be relatively safe in the developing rat brain (Manning et al, 2010); their efficacy and safety
in newborns need to be determined.

C. Other modulatory sites on the NMDA receptor complex:
* Magnesium sulphate (FDA-approved)

Magnesium is a nonspecific competitive blocker of calcium channel and plays many important
roles in maintaining body homeostasis. Magnesium is involved in multiple physiological
processes that may be relevant to cerebral ischaemia, including antagonism of glutamate
release, NMDA receptor blockade, calcium channel antagonism, maintenance of CBF, cell
membrane permeability, mitochondrial functions, the ionic membrane current in conducting
cells. Prehypoxic treatment of magnesium sulfate ameliorates the severity of brain damage,
but posthypoxic treatment deteriorates it. This deleterious effect may be attributable to
hypotension caused by high-dose magnesium sulfate, which further worsens cerebral
perfusion (Sameshima et al, 1999).

Use of antenatal magnesium sulphate (MgSO4) for fetal neuroprotection of the preterm
infant: MgSO4 has been used for decades in pregnant women for different indications (to
obtain tocolysis and to treat eclampsia), with no reported adverse effects in the neonates.
MgSO4 was neuroprotective in a model of neonatal WM damage. In a retrospective case
control study, preterm infants exposed to antenatal magnesium sulfate were found to have a
reduced risk of developing cystic PVL (FineSmith et al, 1997). It has been shown to be effective
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for neuroprophalxis to decrease the risk of moderate to severe CP. The first multicenter
controlled clinical trial, where mothers at risk of delivering before 30 weeks of gestation were
given magnesium, was completed in 2003 by the Australasian Collaborative Trial of Magne-
sium Sulphate (ACTOMg SO4) Collaborative Group (Crowther et al, 2003). Significant
perinatal side effects occurred, and neurodevelopmental benefits were noted in survivors
examined at 2-yr-of-age: substantial gross motor dysfunction (3.4% vs 6.6%; RR, 0.51; 95% CI,
0.29-0.91) and combined death or substantial gross motor dysfunction (17.0% vs 22.7%; RR,
0.75; 95% CI, 0.59-0.96) were significantly reduced in the magnesium group. No serious
harmful effects were seen. Cochrane Systematic Review has confirmed this effect (Doyle et al,
2009), the review concludes that antenatal magnesium sulphate therapy given to women at
risk of preterm birth substantially reduced the risk of CP in their children. Clinical practice
guidelines on Magnesium Sulphate prior to preterm birth for neuroprotection have been
developed in Australia (Clinical Practice Guidelines on Magnesium, 2011) and Canada (Magee
et al, 2011) by the Societies of Obstetricians and Gynaecologists; and lately, by the American
College of Obstetricians and Gynecologists and the Society for Maternal-Fetal Medicine
(Committee opinion, 2013).

Postnatal therapy: In a randomised controlled trial performed by the “Intravenous Magnesi-
um Efficacy in Stroke (IMAGES) Study” investigators (Muir et al, 2004), a mortality slightly
higher in the magnesium-treated group than in the placebo group was shown, and did not
reduce the chances of death or disability significantly. Magnesium also has a number of
vascular effects, being that it inhibits NOS in a non-selective form, which in the case of eNOS
would be harmful; therefore its use in postnatal therapy of infants with neonatal encephalop-
athy would be contraindicated.

* Xenon (Not FDA Approved)

Medical gases are pharmaceutical molecules which offer solutions to a wide array of medical
needs. More specifically however, gases such as oxygen, helium, xenon, and hydrogen have
recently come under increased exploration for their potential theraputic use with various brain
disease states including H-I, cerebral hemorrhages, and traumatic brain injuries. A colorless,
heavy, odorless noble gas, xenon has been of particular interest to researchers because of its
possible neuroprotective properties (Dingley et al, 2006). Since the discovery of xenon as an
NMDA receptor antagonist, there has been growing interest in its potential use as a neuro-
protectant. Some of the features of xenon that specifically interest scientists and researchers
include its rapid introduction into the brain, favorable hemodynamic profile with little or no
toxicity, as well as its inability to be be metabolized (Liu et al, 2011). Xenon induces anesthesia
and exerts its analgesic actions by inhibiting the NMDA receptor signaling pathway. Addi-
tional studies have demonstrated that xenon may act on the secondary messenger signaling
pathway via increases in cyclic guanosine monophosphate. Xenon’s role in antiapoptotic
mechanisms also demonstrates its neuroprotective qualities. Furthermore, Xenon plays an
important role in the anti-inflammatory process. Xenon can influence mechanisms regulating
the Ca2+ release channel on plasma membranes (inhibits plasma membrane calcium ATPase
pump activity), resulting in an increase in neuronal Ca2+ concentration and an altered
excitability in these cells.
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Researchers have also explored the possibility of using Xenon in combination with other
therapeutic strategies to evaluate its possible synergistic neuroprotective capabilities; Xenon
may offerhaemodynamicbenefitsin clinical neuroprotection studies (Chakkarapanietal, 2012).

6.2.4. Antioxidative drugs

The neonatal brain has a high rate of oxygen consumption and low concentration of antioxi-
dants, making it susceptible to damage. In humans, mature OL carry increased antioxidant
enzymes compared with the pre-OL present in the immature brain, which may partially
explain the susceptibility of premature infants to WM damage (Haynes et al, 2005). In an effort
to reduce oxidative damage to the neonate, a number of protective interventions have been
used, including (1) FR reducers, (2) ROS scavengers: antioxidant enzymes, and FRs nonenzy-
matic scavengers, (3) lipid peroxidation inhibitors, and (4) NOS inhibitors. Antioxidant
strategies have been used successfully to diminish ischemic cerebral tissue damage in animals,
but the utility of a pharmacological agent as a clinically relevant therapeutic strategy may
depend, in part, on its ability to cross the BBB, since although ischemic injury disrupts the
integrity of the BBB, this disruption is by no means complete.

A. FR reducers:

* Deferoxamine (DFO) - FDA-approved-. The free iron induces the formation of ROS, and
exogenous iron significantly exacerbates excitotoxic and aggravates cystic PLV in newborn
mice (Dommergues et al, 1998). DFO is an iron chelator that decreases FR production by
binding with iron and decreasing the production of OH". DFO is protective during exposure
to H202 or excitotoxicity “in vitro”, and in animal models of H-I (Sarco et al, 2000).

* Polyphenols

Resveratrol (Res) -(FDA)-approved- could be a prophylactic factor in the prevention of
ischemia/reperfusion ( I/R) injury, they attenuates I/R injury in cardiomyocytes by preventing
cell apoptosis, decreasing LDH release and increasing ATPase activity. NO, cGMP, PKC and
K (ATP) may play an important role in the protective role of Res. Moreover, Res enhances the
capacity of anti-oxygen FR and alleviates intracellular calcium overload in cardiomyocytes
(Shen et al, 2012).

* Allopurinol (FDA Approved)

The xanthine-oxidase inhibitor allopurinol (ALLO) reduces FR formation, thereby limiting the
amount of I/R damage. Hypoxanthine accumulates in the ischemic brain, and with reperfusion
is oxidized to uric acid and superoxide. Elevated uric acid concentrations in the first postnatal
day identify a subset of premature infants who are at high risk for having subsequent hemor-
rhagic or ischemic injury (Perlman et al, 1998). Furthermore, ALLO also has a non-protein
bound iron (pro-radical) chelating and direct FR (hydroxyl) scavenging effect. Animal research
in asphyxiated pigs demonstrated beneficial effects of postnatally administrated ALLO on
cerebral energy status and cytotoxic oedema (Peeters-Scholte et al, 2003). Treatment with
ALLO reduces FR production following ischaemia and it reduces tissue injury in “in vitro”,
and high doses (50-200 mglkg) of ALLO effects cerebral protection in animal experiments and
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also exerts benefits on reduction of cerebral edema and neuropathological damage after
neonatal HIE (Palmer et al, 1993). In humans, the first work on the neuroprotective effect of
allopurinol was carried out by Russell and Cooke (Russell & Cooke, 1995), in a randomized
controlled trial of allopurinol prophylaxis in very preterm infants ( between 24 and 32 weeks
of gestation). In this trial of prophylactic ALLO for the prevention of PVL in preterm babies,
no protective effect was apparent. A prospective randomized study in human neonates,
examining the effects of ALLO in term asphyxiated neonates, showed an improvement of
electrocortical brain activity and a reduction in FR formation after neonatal ALLO adminis-
tration (Van Bel et al, 1998). A more recent paper by Gunes et al (Gunes et al, 2007) reports an
improved neurological outcome after postnatal ALLO administration (40 mg/kg/day, 3 days,
within 2 hours after birth) compared to a placebo in term asphyxiated neonates. Benders et al
(Benders et al, 2006), however demonstrated that ALLO was not effective if administrated 3
to 4 hours after the hypoxic incident to severely asphyxiated neonates. However, when the
most severely asphyxiated children were excluded from the study, a beneficial effect of ALLO
was seen on neurological development. Apparently, no advantage of neonatal treatment is
seen anymore when the interval to the initiation of treatment is too long or when the brain
damage is too severe. This has probably been the major disadvantage of late postneonatal
treatment with ALLO on the NICU. ALLO administrated at the NICU is likely to be given too
late to provide adequate neuroprotection during the early period of reoxygenation in which
the vast amount of FR is being produced. Apparently, when the asphyxia has been too severe,
the inflicted brain damage can no longer be reversed. It is conceivable that earlier ALLO
treatment, i.e. the use of ALLO during labour in case of suspected foetal hypoxia, provides the
opportunity to start earlier with the treatment, thereby limiting the amount of I/R injury and
improving neurological outcome. Animal and human studies suggest that administration of
ALLO immediately prior to delivery in case of suspected foetal asphyxia might reduce HIE.
In a study in the chronically instrumented foetal sheep, they were able to show evidence of
cardio-and neuroprotection after antenatal ALLO administration to the pregnant ewe during
repeated periods of ischaemia (Derkset al, 2006). Maternal administration of ALLO has been
proposed as prebirth treatment when there is suspicion of an adverse event eliciting perinatal
asphyxia. A prospective randomized placebo controlled pilot study, in which they adminis-
tered ALLO to the pregnant woman when foetal asphyxia was imminent, showed an inverse
correlation between the levels of ALLO and the amount of S100B, a biomarker for brain tissue
damage, in cord blood (Torrance et al, 2009). A clinical trial of antenatal allopurinol is in
progress (Kaandorp et al, 2010).

B. Antioxidant enzymes (Endogenous antioxidants):

SOD, GPX, and CAT, are considered the classical antioxidant enzymes. One therapeutic
approach for the destruction of oxygen FRs generated during and after H-I is the administra-
tion of specificenzymes known to degrade highly reactive FR to a nonreactive component. SOD
and CAT are enzymes poorly soluble and with short half life, so that should be conjugated to
polyethylene glycol, which prolongs their circulatory half-life and facilitates penetration of the
BBB. Notwithstanding that, the latency time to initiate therapeutic effects is unacceptably long,
making them useful only as preventive. Because of their large molecular sizes, they are restricted
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to the vascular space. In newborn animals, neuroprotection has only been shown when these
agents have been administered several hours before the HI insult (Shimizu et al, 2003).

C. Free radical nonenzymatic scavengers:
* N-Acetylcysteine (NAC) (FDA Approved)

NAC is a precursor of glutathione and can therefore act as an anti-oxidant and is also a
scavenger of ROS. NAC is used clinically for mucolysis and as an antidote for paracetamol
intoxication in high doses. It also reduced oxidative stress, inflammation, and minimized H-
I-induced brain injury in various acute models. In addition to reducing total tissue loss, NAC
reduced WM injury, prevented endotoxin-induced degeneration of OL progenitors and
hypomyelination in developing rat brain (Paintlia et al, 2004). The mechanism of NAC
neuroprotection appears to be related to reduced oxidative stress, preservation of the scav-
engers GSH and Trx2, attenuated activation of apoptotic proteases (caspase-3, calpain), and
reduced inflammation. The protective effect of NAC was much more pronounced than that
produced by another FR scavenger, melatonin, when administrated before and after lipopo-
lysaccharide-sensitized H-I. NAC was also effective when administered directly after H-I
(three days after) (Wang et al, 2007).

NAC is transported across the placenta and it is considered safe during pregnancy. Therefore,
although transport across the BBB is believed to be poor, it has been assumed that NAC has
potential therapeutic value in humans, performing its neuroprotective action at the level of
the vascular bed (Schaper et al, 2002). NAC is associated with adverse reactions ranging from
nausea to death (most of the latter due to incorrect dosing) which limits its use in humans.
(Sandilands & Bateman, 2009; Knudsen et al, 2005).

NAC is the most effective therapy for acetaminophen (APAP) toxicity and is currently
available for children for oral and intravenous (IV) administration; both routes are equally
effective and safe (Green et al, 2013). Currently, there are three protocols that are used in
acetaminomiphen ingestion:

72-hour oral-NAC: 140 mg/kg of oral NAC followed by 70 mg/kg every 4 hours for an
additional 17 doses.

20- hours IV-NAC: consists of a continuous IV infusion - 300 mg/kg- of NAC, patiens are given
aloading dose of 150 mg/kg over 15 minutes, followed by 50 mg/kg over 4 hours and then 100
mg/kg over the next 16 hours.

48-hours IV-NAC: consisted of a loading dose of 140 mg/kg followed by 12 doses of 70 mg/kg
every 4 hours.

The most frequently used protocol is the Simplified N-acetylcysteine dosing regimen -standard
preparation of IV-NAC 30 g in 1 L of 5% dextrose in water, with a 150-mg/kg loading dose
administered over 1 hour followed by an infusion of 14 mg/kg/h for 20 hours - this single
intravenous bag protocol is effective and well tolerated, and there is infrequent interruption
of therapy by dosing errors (Johnson et al, 2011). Both the IV and oral NAC have generally
mild adverse drug reactions. Nausea and vomiting have been the most common reported



Neuroprotection in Perinatal Hypoxic-Ischemic Encephalopathy — Pharmacologic Combination Therapy
http://dx.doi.org/10.5772/57459

adverse events and were more common with oral treatment (9%). Anaphylactoid reactions
were more common with IV administration (2%). The changing between administration
routes, introducing deviations from “standard” treatment, may decrease these side effects
(Bebarta et al, 2010). In a medication error in prescribing paracetamol for closing a patent
ductus arteriosus in a preterm infant, NAC was indicated without showing adverse drug
reactions (Brener et al, 2013).

There is no consensus on a neuroprotective dose, and a wide range of concentrations have
been used in experimental studies. After neonatal I/R in piglets, NAC at doses of 150-mg/kg
bolus and 20 mg/kg/h, IV for 24 hours, reduced cerebral oxidative stress with improved
cerebral oxygen delivery and reduced caspase-3 and lipid hydroperoxide concentrations in
cortex (Liu et al, 2010). With smaller dosages (30 mg/kg bolus then 20 mg/kg/h infusion) in
newborn piglets with I/R, postresuscitation administration of NAC lowered cerebral lactate
levels, reduced cerebral oxidative stress (significantly attenuated the increase in cortical H202,
but not NO, concentration) and improved cerebral perfusion (Lee et al, 2008). Furthermore,
the anti-inflammatory effect reduced lung edema and neutrophil influx into the lung and
partly reversed surfactant dysfunction in the meconium aspiration syndrome model (Mokra
et al, 2013). Combination therapy of NAC and systemic hypothermia induced immediately
after neonatal H-I improves infarct volume, and reduced both white and grey matter damage
after focal HI injury injury in neonatal rats (Jatana et al, 2006). By contrast, Olsson et al (Olsson
et al, 1998), report that free NAC at 100 mg/kg showed some efficacy in attenuating inflam-
mation and oxidative injury in the brain, but the improvement did not translate into myeli-
nation, neuronal counts or motor function in CP. The only randomized clinical trial in preterm
newborns demonstrated that continuous infusion of NAC for 6 days after birth did not
improve the incidence of chronic lung disease but did appear to reduce the incidence of PVL
(Ahola et al, 2003).

Dendrimer-based N-acetyl-I-cysteine (D-NAC): Dendrimers are a nanopolymer biopharma-
ceutical emerging as potential intracellular drug delivery vehicles. The efficacy of the activity
“in vitro” of anionic polyamidoamine (PAMAM-COOH) dendrimer-N-acetyl cysteine
(DNAC) was significant, even at the lowest dose, and its activity compared to free NAC
increase 16x higher dosage (Wang et al, 2009). The bioavailability “in vivo” of free NAC is poor
(the terminal half-life was 5.58 h after IV administration and 6.25 h after oral administration.
Oral bioavailability of total NAC was 9.1%). However, IV administration of a single 10 mg/kg
dose of D-NAC resulted in a significant improvement in neuronal injury and motor function
in CP kits. Moreover, the improvements seen with NAC-100 were similar to that seen with D-
NAC at 1% of the dose improved uptake and efficacy of D-NAC when compared to free NAC
in activated microglia, as shown previously “in vitro”, delivery of a higher drug-payload to
the target cells (activated microglia and astrocytes) by the dendrimer “in vivo”, and decreased
toxicity of the drug for neurons when conjugated with the dendrimer. The effectiveness of the
D-NAC treatment, administered in the postnatal period for a prenatal insult, suggests a
window of opportunity for treatment of CP in humans after birth (Kannan et al, 2012). The
nanoparticles D-NAC open a new door to cerebral palsy treatment (Crunkhorn, 2012; Andén
etal, 2012).
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* Melatonin (FDA Approved)

Melatonin is an indoleamine that is formed in higher quantities in the adult. It is produced
mainly by the pineal gland and is a naturally occurring hormone that binds to specific receptors
and allows the entrainment of circadian rhythms in several biological functions. But it can also
function as neuroprotective antioxidant (as a direct scavenger of ROS and NO), and has anti-
apoptotic effects. Because of its lipophilic properties, melatonin easily crosses most biological
cell membranes, including the placenta and the BBB. Several animal studies have shown
neuroprotective benefits from melatonin treatment, both when given before and after birth. It
has been found to provide long-lasting neuroprotection in experimental H-I and focal cerebral
ischemic injury. Melatonin may exert some of its protection on developing WM in H-I sheep
model via an anti-microglial effect (Welin et al, 2007). Newborns treated with melatonin were
also found to have decreased proinflammatory cytokines (Gitto et al, 2004 and 2005).

Clinically, melatonin has been used safely in children with sleep abnormalities related to
neurological disease (Jan & O'Donnell, 1996) and in septic newborns (Gitto et al, 2001) without
serious adverse effects. Melatonin appears to have beneficial effects when given to asphyxiated
newborns. It was shown to significantly reduce plasma levels of malondialdehyde and nitrate/
nitrite, two robust indicators of oxidative stress (Fulia et al, 2005). In a small clinical trial,
melatonin was given orally to newborn babies who had suffered birth asphyxia. In terms of
mortality, 3 out of 10 asphyxiated babies died in the vehicle treated group, whereas there were
no deaths in the post-asphyxia babies treated with melatonin. Importantly, this study did not
report any adverse effects arising from the melatonin treatment, and clinical use of melatonin
in the neonatal period has now been proposed (Gitto et al, 2009).

The optimal neuroprotective dose still needs to be determined, although Robertson et al
(Robertson et al, 2013), in a piglet model of perinatal asphyxia, demonstrate that the therapeutic
hypothermia plus IV melatonin (5 mg/kg/h) significantly reduced the H-I-induced. The safety
and improved neuroprotection of a potential treatment with a combination of melatonin and
cooling support the initiation of phase II clinical trials in infants with moderate and severe
neonatal encephalopathy.

* Tetrahydrobiopterin (FDA Approved)

BH4 is an important co-factor for a number of enzymes, such as aromatic amino acid hydrox-
ylases, which converts phenylalanine into tyrosine (phenylketonuria), tyrosine into L-dopa,
and tryptophan into 5-hydroxytryptophan and NOS. BH4 may function as a FR, but it has also
been reported that inhibition of biopterin synthesis reduces ischemic brain damage (Kidd et
al, 2005). BH4 is a developmental factor determining the vulnerability of fetal brain to H-I.
There is evidence that BH4 deficiency can exacerbate oxidative injury (Madsen et al, 2003) and
that neonatal H-I can cause relative BH4 deficiency (Fabian et al, 2010). Fujioka H et al (Fujioka
et al, 2008) found neuronal iNOS expression and increase of NO production in the acute phase
of H-Iin a newborn-piglet model, but brain biopterin did not increase despite plasma biopterin
five-fold elevation These findings suggest that the capacity of biopterin production in the CNS
is inferior to that in other organs in the acute phase of H-I. The BBB is thought to prevent the
transport of biopterin from the blood to the brain, therefore the initial shortage of biopterin in
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a H-I brain may affect the severity of brain damage. Maternal treatment with BH4 increased
fetal levels in basal ganglia and significantly ameliorated motor deficits and decreased
stillbirths (Vasquez-Vivar et al, 2009).

* Vitamin C (FDA Approved)

Ascorbic acid (AA, vitamin C) is an important enzyme cofactor and water-soluble reduc-
ing agent that is highly concentrated in the adrenal gland and CNS. AA concentrations are
lowest in plasma (0.01-0.1 mM), intermediate in cerebrospinal and extracellular fluid (0.05-
0.5 mM) and highest in neuropil of the brain (1-3 mM). AA is a potent antioxidant, which
scavenges various types of ROS, and its neuroprotective effect has not been established yet.
Because vitamin C does not penetrate the BBB, therapeutic, nonenzymatic scavenging of
FRs can be accomplished by AA only at very high physiological concentrations (Jackson et
al, 1998). Some studies have shown that AA has a neuroprotective effect; however, the issue
is still controversial. Since higher dose of AA may cause side effects such as oxaluria and
kidney stone (Massey et al, 2005), erythrocyte damage leading to hemolytic anemia and
hyperbilirubinemia in infant (Ballin et al, 1988), it might also have harmful effects on brain.
AA can act as pro-oxidant and cause neurotoxicity “in vitro” by reducing transition metal
ions under certain conditions (Buettneret al, 1996). Only one prospective, randomized
double-blinded controlled clinical study in term infants with perinatal asphyxia has been
performed, which found that the combination of AA with ibuprofen had no effect on
outcome at 6 months of age (Aly et al, 2009).

Although the antioxidant vitamin C does not penetrate the BBB, its oxidized form,
dehydroascorbic acid (DHA), enters the brain by means of facilitated transport. AA can be
oxidized to DHA in the stomach. Several studies demonstrated that AA and DHA have
neuroprotective effects in adult animal models of HI. IV DHA would improve outcome
after stroke because of its ability to cross the BBB and increase brain antioxidant levels. A
dose of 250 mg/kg or 500 mg/kg DHA administered at 3 hours post-ischemia reduced infarct
volume by 6- to 9-fold, to only 5% with the highest DHA dose (P <.05). Teratological and
adverse effects have not been documented (Huang et al, 2001). AA may be given to the
mothers if the safety of its use is established, since AA has been reported to cross the
placental barrier (Rybakowski et al, 1995).

* Vitamin E (FDA Approved)

Vitamin E, a clinically safe agent, has been shown to be effective in cultured pre-OL models
(Back et al, 1998). Clinical trials in very preterm infants have been confined to vitamin E
for the prevention of IVH (Sinha et al, 1987). In rat pups, there was no benefit from postnatal
treatment after H-I with Mito vitamin E, a mitochondrial antioxidant (Covey et al, 2006).
However, in a study in asphyxiated rat pups, the combination of methylprednisolone with
vitamin E therapy reduced H-I brain damage significantly (Daneyemez et al, 1999). Nakai
et al. (Nakai et al, 2002) reported that the combined administration of AA and alpha-
tocopherol (vitamin E) to pregnant rats before transient intrauterine ischemia was effec-
tive against secondary mitochondrial dysfunction in the neonatal rat brain.
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D. Bioactive lipid mediators (Membrane “stabilizers”):

Considerable experimental evidence supports a pathogenetic role for lipid mediators in
perinatal H-I brain injury (Grow et al, 2002). Bioactive lipid mediators that may play a role in
cell signaling include arachidonic acid (AA), prostaglandins, leukotrienes, thromboxanes, and
PAF. Membrane phospholipids are hydrolyzed by phospholipase A2 (PLA2) to release FFA,
including AA, and lysophospholipid. Many studies have associated ROS-mediated damage
with a disturbance of cell membrane integrity and subsequent increase in intracellular Ca*"
which, in turn, activate a number of Ca* dependent enzymes including PKC and PLA,
damaging membranes directly and initiating the production of lipid mediators, including AA
and PAF. H202 has been shown to cause AA release in numerous cell systems, including cells
in the CNS (Samanta et al, 1998). ROS produced during post I/R react with membrane
phospholipids to form oxidized lipids, some of which have PAF-like activity. High concen-
trations of PAF or PAF-like oxidized lipids may contribute to neuronal injury by increasing
intracellular calcium concentrations, by stimulating production and release of pro-inflamma-
tory mediators from neurons or microglia, or by upregulating cyclo-oxygenase-2 (COX-2).
Additionally, the involvements of different PLA2s, including cPLA2, iPLA2, and sPLA2, have
been implicated in the oxidative-mediated AA release process (Martinez et al, 2001). XU et al
(XU et al, 2003) showed that the response of astrocytes to oxidant compounds such as H202,
which stimulated signaling pathways leading to the activation of cPLA2 and iPLA2
(Ca*independent) and the increase in AA reléase.

* Citicoline (FDA Approved)

Cytidine-5-diphosphocholine (CDP-choline as an endogenous compound that can also be
administered exogenously as citicoline) is an endogenous nucleoside that is an essential
intermediate in the synthesis of phosphatidylcholine, a major neuronal membrane lipid.
Citicoline and its hydrolysis products (cytidine and choline) play important roles in the
generation of phospholipids which are involved in membrane formation and repair, and it
is known to have neuroprotective effects. The mechanisms that may explain the neuropro-
tective actions of citicoline include prevention of FFA release, stimulation of phosphatidyl-
choline synthesis, preservation of cardiolipin and sphingomyelin levels, increase of
glutathione synthesis and glutathione reductase activity, restoration of Na'/K'-ATPase
activity, and antiglutamatergic effects. The neuroprotective properties of CDP-choline seem
to be related on glutamate-mediated cell death (Adibhatla et al, 2002; Hurtado et al, 2005).
Citicoline might decrease the extracellular level of glutamate by inhibition of neuronal
glutamate efflux and increased astrocytic glutamate uptake. It has been suggested that the
neuroprotective effect of this compound is related to inhibition of the glutamate induced
apoptotic pathway of cell injury (Mir et al, 2003). The protective effect of CDP-choline might
also be associated with its actions on cell membrane stability because citicoline has
distinctive membrane-modulating properties (Secades et al, 2006). Citicoline decreases
phospholipase A2 stimulation and hydroxyl radical generation in cerebral ischemia
(Adibhatla et al, 2003). Lately, it has been suggested a possible contribution of the gene
PNPLA4, and codes for calcium-independent PLA2, as one of the mecanisms through which
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the citicoline may act (Carrascosa-Romero et al, 2012); and regulative effect on the expres-
sion of intercellular adhesion molecule-1 (ICAM-1) mRNA in neonatal brain with H-I
damage (Miao et al, 2005). The upregulation of the inflammatory genes and their prod-
ucts precedes leukocytes’ adhesion to endothelial cells and their migration into the ischemic
tissue, suggesting that these upregulated adhesion molecules on brain capillary endotheli-
um play an important role in leukocyte migration into ischemic brain tissue (Wang et al,
1995). “in vitro”, Matyja et al (Matyja et al, 2008) demonstrated that CDP-choline exerts
neuroprotection in progressive motor neurons injury in a model of chronic excitotoxicity.
It inhibited mainly neuronal apoptotic changes, whereas necrotic and autophagocytic
abnormalities were not reduced. This confirms the suggestion that citicoline might protect
neurons against the glutamate-induced apoptotic pathway probably via a negative effect
on activation of the caspase cell death pathway (Mir et al, 2003); markedly reduced caspase-3
activation and Hsp70 expression 24 h after the insult, and dose-dependently attenuated
brain damage in a rat model of birth asphyxia (Fiedorowicz et al, 2008). Diederich et al
(Diederich et al, 2012) demonstrated that citicoline (100 mg/kg) for 10 consecutive days
starting 24 hours after ischemia induction, have an extended therapeutic window.

In addition citicoline has convincingly been shown to also have neuroregenerative effects
although the underlying mechanisms are unknow. As a first mechanism contributing to this
more favorable neurological outcome, they could identify increased neurogenesis in the SVZ
and migration of neural progenitors to the lesion with increased neurogenesis also within the
peri-infarct area. A second component of the regeneration-enhancing effect of citicoline was a
shift toward excitation in the perilesional cortex (Diederich et al, 2012).

Citicoline has been shown to have neuroprotective effects in a variety of CNS injury models,
including focal and global cerebral ischemia (Trovarelli et al, 1981). In clinical trials, citicoline
administered after acute ischemic stroke in adults, improved neurological outcome with mild
adverse effects (Davalos et al, 2002; Labiche & Grotta, 2004; Saver, 2008). A recent drug
surveillance study on acute ischemic stroke in 4,191 patients (Cho and Kim, 2009) showed that
oral citicoline (500-4000 mg/day) administered within less than 24 h after acute ischemic stroke
improved neurological, functional and global outcomes without significant safety concerns.
By contrast, in a randomised, placebo-controlled study (ICTUS trial), citicoline, (1000 mg every
12 h IV during the first 3 days and orally thereafter for a total of 6 weeks) in patients with
moderate-to-severe acute ischaemic stroke, was not efficacious in the treatment of moderate-
to-severe acute ischaemic stroke (Davalos et al, 2012). These differences could be due to dosage,
interaction with other drugs when they are administered simultaneously or to the fact that
necrosis phenomena are more marked than those of apoptosis. However, the apoptosis in the
newborn plays a prominent role in the development of H-I injury i and may be more important
than necrosis after injury. Additionally, the neurogenesis in the SVZ and migration of neural
progenitors are more marked in the newborn than in adults. CDP-Choline administration to
newborn infants (100 mg/kg/day, IV) was well tolerated without side effects (Valls et al, 1988;
Wang et al, 1997). In the context of the well-known excellent safety profile of citicoline, these
data suggest that success in the clinical evaluation of the efficacy of this drug in human neonatal
asphyxia may be warranted.
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* Edaravone (Not FDA Approved)

Edaravone, 3-methyl-1-phenyl-2-pyrazolin-5-one, (MCI-186) significantly decreased lipid
peroxidation (thiobarbituric acid reactive substance levels) of the damaged brain hemisphere
(Keda et al, 2002). Edaravone is a FR scavenger that improves the outcome after cerebral
ischemia in humans and is used for treatment after acute stroke (Group EAIS, 2003) and
traumatic brain injury (Itoh et al, 2009). Since edaravone has been approved in Japan for use
in patients with cerebral infarction, it could be a promising candidate for the treatment of
neonatal HIE.

E. nNOS inhibitors (Not FDA approved):

NO, a water-soluble, diffusible gas, has many physiological roles including regulation of
gastrointestinal motility, vasorelaxation, and furthermore performs an important role in
synaptic neurotransmission (intercellular messenger and signaling molecule), and is
important for neuronal survival, differentiation, and precursor proliferation. NO can also
contribute to tissue injury, and has been shown to play a dichotomous regulatory role in
the brain; neuronal destruction and protection (Chen et al, 2004). NO prevents apoptosis
of neuronal cells via two mechanisms; first, inhibition of caspase-3 activity through S-
nitrosylation of cysteine residues in the protease, and second, cGMP-dependent (Lipton,
1995). NOS catalyzes the synthesis of NO from the conversion of arginine to citrulline.
susceptibility to HI damage (Ferriero et al, 1996). Cerebral ischemia stimulates production
of NO by neurons and microglia.

NOis generated by three distinct nitric oxide synthases: neuronal (nNOS), endothelial (eNOS),
and inducible synthases (iNOS). Constitutively expressed nNOS and eNOS are activated by
increased intracellular calcium, by way of the NMDA receptor stimulates; nNOS plays a
physiologic role in excitatory neurotransmission; eNOS produces vascular smooth muscle
relaxation; iNOS is upregulated by hypoxia, cytokines, or endotoxin in monocyte /macro-
phage/ microglia and is calcium independent; its induction can result in the production of large
quantities of NO (Moncada et al, 1991). Selective inhibition of nNOS or iNOS has shown
potential as a neuroprotective strategy, but nonspecific blockade of nNOS and eNOS is not
protective (Marks et al, 1996). During I/R, nNOS plays a role in NO production, but iNOS only
contributes to NO production during reperfusion.

Selective nNOS inhibitors:

The traditionally most employed nNOS inhibitor has been 7-nitroindazole (7-NI) (Muramatsu
et al, 2000), in adult stroke, protection by 7- NI has been inconclusive, this may reflect non-
specific inhibition of eNOS, causing a decrease in CBF (Willmot et al, 2005). At present, the
new inhibitors HJ619 and JI-8 are at least few hundred fold more specific than 7-NI; the new
compounds tested in a perinatal model of H-I, inhibited fetal brain NOS activity “in vivo”,
reduced NO concentration, and dramatically ameliorated the number of deaths and CP in a
rabbit model (Ji et al, 2009). These compounds are water-soluble and can be given IV. The
starting dose is unknown. Adverse effects are also unknown (Robertson et al, 2012).
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* Iminobiotin (Not FDA approved)

2-iminobiotin, a dual inhibitor with combined inhibition of nNOS and iNOS. Iminobiotin
exhibits neuroprotective effects in rats following H-I (van den Tweel et al, 2005), showed
protection only in female rat pups after H-I, but the protection was independent of the NO
pathway (Nijboer et al, 2007). Orphan designation (EU/3/09/701) was granted by the European
Commission to Neurophyxia for 2-iminobiotin for treatment of perinatal asphyxia on the basis
of potential activity. At the time of submission of the application for orphan designation, no
clinical trials with the designated product in patients with perinatal asphysia had been started
and 2-iminobiotin was not authorised anywhere in the EU for perinatal asphyxia.

6.2.5. Anti-inflammatory drugs

The CNS has its own resident immune system, in which glial cells (microglia, astrocytes, and
OL) not only serve supportive and nutritive roles for neurons but also engage from time in
several "inflammatory"” processes that defend the CNS from pathogens and help it to recover
from stress and injury. Cytokines and activated microglia/macrophages may extend neuronal
injury and/or sensitize the developing brain to a second insult. Therefore, interference with
their effects would be expected to reduce subsequent neurological deficits. However, cytokines
such as IL-1 {3 or IL-6 were found to exert trophic effects on neurons, at least in cell cultures
(Otten et al, 2000). Similarly, activated microglia/macrophages, in addition to exerting toxic
effects, can display protective properties, such as scavenging of excess glutamate through
increased expression of glutamate transporters (Vallat-Decouvelaere et al, 2003).

Accumulating evidence suggests that targeting delayed neuroinflammatory mechanisms may
be a promising avenue for therapeutic intervention (Leonardo & Pennypacker, 2012). Anti-
inflammatory interventions have shown promise in experimental models of combined gray
and white matter injury: cytokine antagonists (IL-1receptor antagonist) (Hagberg et al,
1996), platelet activating factor (PAF) antagonist (Liu et al, 1996; Zhang et al, 1994) and
induced neutropenia (Hudome et al, 1997). Corticosteroids theoretically may interrupt the
inflammatory cascade that occurs during H-I; experimental and epidemiological studies
support a protective role for antenatal steroids against PWMD (Whitelaw & Thoresen, 2000;
O’Shea & Doyle, 2001), but this beneficial effect must be weighed against the adverse effects
during a critical period of brain development of postnatal high-dose steroids used to prevent
or to treat chronic lung disease in premature infants (Baud et al, 2004). Early synthetic
glucocorticoid dexamethasone (DEX) exposure may lead the neonatal brain to be more
vulnerable, exacerbated HI-induced injury on P7 by a glucocorticoid receptor-mediated
mechanism. The aggravating effect of neonatal DEX treatment on HI-induced brain injury was
correlated with decreased glutamate transporter-1 (GLT-1)-mediated glutamate reuptake.

* Minocycline (FDA Approved)

Minocycline is a semisynthetic second-generation tetracycline and a potential neuroprotective
intervention following brain injury. However, despite the recognized beneficial effects of
minocycline in a multitude of adult disease states, the clinical application of minocycline in
neonates is contentious. Tetracyclines are broadspectrum antibiotics that have antiinflamma-
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tory effects independent from their antimicrobial activity, but, as a class, are not usually
administered to neonates. Minocycline inhibited microglial activation, reduces inflammation
and protected neurons against ischemia in adult and developing rats in several studies
(Yrjanheikki et al, 1999; Fan et al, 2006, Buller et al, 2009; Lechpammer et al, 2008). Minocycline
treatment prevents the formation of activated caspase-3, a known effector of apoptosis, as well
as the appearance of a calpain cleaved substrate, a marker of excitotoxic/necrotic cell death
(Arvin etal, 2002). Although another study found that minocycline exacerbated H-I cortical
injury in neonatal mice (Tsuji etal, 2004). Nevertheless, minocycline is not without clinical
hazard, and further study of this agent and related analogs is needed (Volpe et al, 2011).

6.2.6. Anti-apoptotic drugs

One of the hottest topics in neurobiology is apoptosis, the highly orchestrated and possibly
“controllable form of cell death” in which cells enter into a programmed suicide by chopping
themselves into membrane-packaged bits. In stroke, neurons in the penumbra zone, deprived
of oxygen and glucose tissue, gradually die because ischemic injury triggers their suicide
programmes (Miller & Marx, 1998; Barinaga, 1998). Control of apoptosis involves a balance
between expression of numerous apoptotic and anti-apoptotic proteins after injury, providing
many potential approaches to modifying outcome (blockade of downstream effects).

* Erythropoietin (EPO) (FDA Approved)

EPOis a 165 amino acid glycoprotein produced mainly by peritubular cells in the adult kidneys
and by hepatocytes in the fetus. EPO acts on the later stages of erythroid progenitor cells
development, allowing maturation of erythroid precursors by inhibiting apoptosis and thus
regulating red cell production. Recombinant human EPO (thEPO) is currently effective and
widely used to treat anemia of prematurity. Epo, the major haemopoietic growth factor, isnow
considered to have beneficial effects in various nervous system disorders based on the effects
of prevention of metabolic compromise, neuronal and vascular degeneration, and inflamma-
tory cell activation (Maiese et al, 2008). EPO is required for normal brain development in
mammals (Juul, 2002; Yu ef al, 2002). Exogenously administered EPO exhibits neuroprotective
effects in numerous animal models, through the activation of anti-apoptotic, anti-oxidant and
anti-inflammatory pathways as well as through the stimulation of angiogenic and neurogenic
events. (for a review see Kumral A et al, 2011; Juul,2012; Subirds et al, 2012). Moreover, EPO
reduced the excitotoxic effect of glutamate and AMPA upon cortical neuron cultures (Sinor &
Greenberg, 2000). EPO also prevented apoptosis induced by NMDA or by NO in neurons of
cerebrocortical cultures (Digicaylioglu & Lipton, 2001).

Recombinant human EPO (thEPO)- induced neurogenesis has been studied in "in vivo”
and "in vitro” experiments, it has been shown that EPO regulates neurogenesis in the adult
mouse brain (Shingo et al, 2001). Epo is not an appropriate antenatal therapy because it hardly
crosses the human placenta (Widness et al, 1995). The capability of EPO to cross the BBB after
systemic administration and its effective therapeutic window are advantages for H-I therapy.
It requires small volumes, so it does not impose a fluid burden. The most commonly used
treatment regimens used to stimulate erythropoiesis in neonates is 400 U/kg 3 times a week
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given subcutaneously or 200 U/kg daily given IV. The optimal dose, number of doses, or dosing
interval for Epo neuroprotection in humans have not yet been determined. Neonatal Epo
treatment has been studied in randomized controlled trials of erythropoiesis, with few
reported adverse effects, and the medication is thought to be safe at doses ranging as high as
2100 units/kg/week (Fauchere et al, 2008; Juul et al, 2008). Complications seen in adults (eg,
hypertension, clotting, seizures, polycythemia, and death) (Ehrenreich et al. 2009) have not
been observed in infants. Angiogenesis may be an important adverse effect in preterm infants
at risk for retinopathy of prematurity. The first trial with EPO in full term neonates with
moderate to severe H-I demonstrated that it reduced death and disability at 18 months from
44% (controls) to 25% (EPO-treated) with no adverse effect (Zhu et al, 2009). Human trials are
just beginning, but they show promise (Elmahdy et al, 2010; Lakic et al, 2010).

Elmahdy et al (Elmahdy et al, 2010) in a prospective case-control study with 45 neonates, of
which 15 were infants with mild/moderate HIE, received human recombinant EPO (2500
1U/kg, subcutaneously, daily for 5 days), demonstrated the feasibility of early administration
of EPO to neonates with HIE for protection against encephalopathy.

* EPO-Mimetic Peptides (Not FDA Approved)

The possibility of developing Epo-mimetic that have specific subsets of Epo characteristics has
been of great interest, because these molecules might circumvent unwanted clinical effects or
provide improved permeability with the ability to cross the placenta or BBB. The tissue
protective functions of Epo can be separated from its stimulatory action on hematopoiesis, and
novel Epo derivatives and mimetics, such as asialo-Epo and carbamylated- Epo, have been
developed. No studies have been done to assess safety or efficacy of these compounds as
perinatal treatments (see Robertson et al, 2012).

Neuro-EPO is a variant with a low-sialic acid content and a short half-life. Drug transport from
the nasal cavity directly to the brain has been shown to be feasible, even for challenging drugs
such as small polar molecules, peptides and proteins, in animals and humans. Intranasally
administered Neuro-EPO exhibits neuroprotective effects in gerbil models of brain ischemia.
The use of the nasal route as a new delivery pathway to the brain is aimed to achieve quick
delivery of neuroprotective concentrations to the nervous tissue using small drug doses (see
Subirds, 2012).

* Neurotrophic factors (Neurotrophins)

Trophic factors are emerging as potential cytoprotective agents, although their role may be
more important in the recovery phase (Labiche & Grotta, 2004). Neurotrophins are important
cues for the migration and differentiation of neural stem cells (SCs). Neurotrophins are a family
of growth factors that act through tyrosine kinase receptors and regulate the development and
maintenance of brain cells by affecting growth, differentiation, maturation, maintenance and
neuronal survival, as well as synaptogenesis and brain plasticity. They also exhibit neuropro-
tective activity in multiple neuronal populations after injury. The first neurotrophin discov-
ered was neuronal growth factor (NGF). Further work identified other members of the family
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such as Glial Derived Neurotrophic Factor (GDNF), Brain Derived Neurotrophic Factor
(BDNF), and Neurotrophin-3 (NT-3).

The neurotrophins play a vital role in development, but also in the maintenance of the neuronal
systems throughout life (Sizonenko et al, 2007). During the neonatal period, neurotrophins
and their receptors are essential for brain development. After brain insult, neurotrophins levels
increase, suggesting that they have an endogenous protective mechanism that limits neuronal
cell death. Since discovery of the potent survival-promoting effects of neurotrophic factors
(possibly through angiogenic mechanisms), they have been proposed as potential tools to be
tested for the treatment of diseases of the CNS (e.g.: basic fibroblast growth factor-bFGF)
(Binder & Scharfman, 2004). The protection of neurons, and perhaps most cells, from excito-
toxicity and H-I injury may require extracellular ligand-receptor interactions and the activa-
tion of specific intracellular signaling cascades. In the CNS, these signals are provided, at least
in part, by neurotrophic growth factors. Several neurotrophic factors (such as platelet-derived
growth factor, insulin-derived growth factor, and glial cell line-derived neurotrophic
factor) that have been reported to protect against excitotoxicity and H-I injury in immature
animal models may act by inhibiting apoptosis (Nozaki et al, 1993; Hossain et al, 1998; Wang
et al, 2013), these have not been studied in humans. Neurotrophins could guide migration and
differentiation of stem cell transplants after brain injury, and once at the site of injury, enhance
neuronal differentiation (Douglas-Escobar et al, 2012).

* Neuropeptide-inhibitor

Neuropeptides modulate neuronal activity and may therefore modulate glutamate-induced
neuronal cell death. Neuropeptides are inactivated by enzymatic proteolysis, indicating that
proteolysis inhibition may hold therapeutic potential. Among the peptidases identified, neural
endopeptidase (NEP or neprilysin) is involved in the regulation and metabolism of a variety
of biologically active peptides including tachykinins/ neurokinins (see Degos, 2008). Interest-
ingly, the NEP inhibitor Racecadotril (Tiorfan®) is used in clinical practice to treat diarrhea,
with a remarkably good safety profile. Racecadotril is rapidly and entirely metabolized to its
active metabolite thiorphan. A recent study showed that systemic administration of thiorphan
was neuroprotective against excitotoxic neuronal cell death in newborn mice (Schwartz,
2000). This neuroprotective effect was long-lasting and was still observed when thiorphan was
administered 12 h after the insult, indicating a wide window for therapeutic intervention
(Medja et al, 2006).

6.3. Neurorestorative therapies

There is increasing evidence from “in vitro” and “in vivo” preclinical studies that stem/
progenitor cells may have multiple beneficial effects on the outcome after H-I injury. Stem cell
(SCs) treatment can be administered by stimulating endogenous SCs (neurotrophic factors/
growth factors such as EPO, insulin-like growth factor and brain-derived neurotrophic factor)
or by transplanting exogenous SCs. Stem/progenitor cells (umbilical cord SCs, mesenchymal
stromal cells, and bone marrow mesenchymal SCs) have been used for the experimental
treatment of neonatal HIE models, and have shown great promise in animal studies in
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decreasing neurological impairment. Neural stem/progenitor cells (NSCs) have also been
transplanted in animal models of HIE, migrating long distances to ischemic brain areas and
differentiating into neurons. SCs therapies are one of the promising options for the treatment
of neonatal neurological diseases in the future. However, the mechanisms of action of the SCs,
and the optimal type, dose, and method of administration remain surprisingly unclear, and
some studies have found no benefit. Although cell-based interventions after completion of the
majority of secondary phase cell-death appear to have potential to improve functional outcome
for neonates after HI, further rigorous testing in translational animal models is required before
randomized controlled trials should be considered. (Review articles: Pimentel-Coelho &
Mendez-Otero, 2010; Bennet et al, 2012; Pabon et al, 2013). Additionally, their clinical use is
strongly limited by the existence of the BBB that makes the human brain refractory to targeting
of cell-sized agents delivered through the peripheral system. Intracerebral transplantation to
bypass the BBB is a very invasive delivery method that cannot be proposed for human
newborns.

* Cord blood: Umbilical cord blood cells (UCBCs), which are readily available at birth, have
been shown to reduce sensorimotor and/or cognitive impairments in several models of brain
damage, representing a promising option for the treatment of neurological diseases. The
possible cell types and mechanisms involved in the therapeutic effect of UCBC transplan-
tation, including neuroprotection, immunomodulation and stimulation of neural plasticity
and regeneration have been recently reviewed by Pimentel-Coelho et al. (Pimentel-Coelho
etal., 2012).

* Mesenchymal stem cells (MSC): The beneficial effect of MSC transplantation to treat
neonatal brain injury might be explained by the great plasticity of the neonatal brain. The
neonatal brain is still in a developmentally active phase, leading to a better efficiency of MSC
transplantation than that observed in experiments using adult models of stroke. Enhanced
neurogenesis and axonal remodeling likely underlie the improved functional outcome
following MSC treatment after neonatal H-I brain injury. With respect to the mechanism of
repair by MSCs, MSCs do not survive long term and replace damaged tissue themselves.
MSC treatment after H-Ireduced contralesional rewiring taking place after HI and increased
the connection between the impaired forepaw and the ipsilesional motor cortex. These
intrinsic adaptive properties of MSCs make them excellent candidates for a novel therapy
to treat the devastating effects of HIE in the human neonate (van Velthoven et al, 2012).
Intranasal MSC treatment may become a promising non-invasive therapeutic tool to
effectively reduce neonatal encephalopathy (Donega et al, 2013).

* Neural stem/progenitor cells (NSCS): NSCs have also been transplanted in animal models
of HIE, migrating long distances to ischemic brain areas and differentiating into neurons
(Llado et al, 2004). The survival of transplanted NSCs was limited in these experiments for
several potential reasons (Sato et al, 2008).

* Adipose stromal cells (ASC): In a rat middle cerebral artery occlusion model of ischemic
braininjury, intracerebral transplantation of human ASC was followed by migration of these
cells to areas of ischemic damage and by expression of neuronal specific markers in
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conjunction with functional benefit. Therefore, the use of ASC could have potential to
develop treatments to reverse or prevent the effects of H-I injury. (Kang et al, 2003)

7. Combined therapy

Following HIE, a complicated cascade of pathophysiologic processes is unleashed including
excitotoxicity, oxidative stress, inflammation, and cell death via necrosis and apoptosis. These
processes can lead to long-term neurologic injury. The post-injury time course can be divided
into a latent (0-6 hours), secondary (6-72 hours) and tertiary phase (>72 hours) (Perlman,
2011). Studies in laboratory animals have shown that the immature brain responds differently
to treatment than does the mature brain, which leads us to believe that an optimal treatment
for a neonate would differ from that for a toddler and probably none of them would be the
best option for an adult. Specific vulnerabilities that distinguish the response of the immature
brain from that of the mature brain include:

Primary/latent phase (0-6 hours)

* Greater neuronal metabolism: The neonatal brain has a high rate of oxygen consumption.
Such energetic costs seem also to exert a selective pressure towards metabolically efficient
neural morphology, leading to metabolically efficient patterning of dendritic arborizations,
neural codes and brain wiring patterns (Holliday, 1986).

* Antioxidant system insufficiency.

* The NMDA receptor subunits in the developing brain open more easily and block less
frequently than mature forms, responsible for the fact that immature brains are far more
excitable and epileptogenic than the adult brain.

Secondary phase (6-72 hours)

Increased susceptibility to excitotoxicity and FR injury, due to the production of large amounts
of FR, high concentrations of PUFAs, and antioxidant system insufficiency (Grow & Barks,
2002).

Tertiary phase (>72 hours)

* Greater tendency to apoptotic death: activation of apoptosis-executing caspases is much
greater in the immature brain than in the adult brain. During the tertiary phase, neurons
and glial cells are lost due to chronic loss of trophic factors, loss of synaptic input from
neighboring cells, and loss of or failure of recruitment of new progenitor neural stem cells
and glial progenitor cells (heightened vulnerability of immature OL). Cell death involving
a cell-autonomous active contribution of catabolic enzymes (or apoptosis) plays a prominent
role in the evolution of H-I injury in the neonatal brain and it is at least as important for the
loss of neurons as unregulated cell death (or necrosis) (Zhu et al, 2007). The prominence of
autophagic neuronal death in the ischemic penumbra and the neuroprotective efficacy of
postischemic autophagy inhibition indicate that autophagy should be a primary target in
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the treatment of neonatal cerebral ischemia (Puyal etal, 2009). Therapy designed to ameli-
orate brain injury in adults may worsen outcomes in neonates, possibly by accentuating the
apoptotic cell death cascade.

Neurogenetic and gliogenetic processes after H-I injury: neuroblast proliferation and migra-
tion from the neurogenetic niches take place after the lesion. Some cells differentiate into
neurons (neuronal differentiation) and migrate to the injured area. Some other cells from the
SPZ give rise to radial glia that contribute to neural progenitor expansion and support
neuroblast migration. Thus, the neuronal elements in the transient fetal zones represent a
potential for plasticity after perinatal cerebral lesions and neuronal migration could play a
central role in brain repair (Kostovic & Judas M, 2006, Cayre et al, 2009, Distefano and Pratico,
2010). It is possible that the same chemical mediators that have deleterious effects during the
initial stages of ischemia may also be involved in the ulterior process of neurorestoration.
Therefore, the lack of effect found for some neuroprotective drugs could be due to either
untimely or too prolonged period of administration, thus interfering with a given metabolic
route at the time that is involved in the endogenous mechanisms of repair (Lo, 2008).

With the advent of hypothermia as therapy for term HIE, there is hope for repair and protection
of the brain after a profound neonatal insult. However, hypothermia alone would not be
sufficient to provide the required protection or stimulate the repair to ensure a normal
neurodevelopment. Based on the theory of “secondary energy failure”, hypothermia may
provide the possibility to “buy time”, in order to successfully use other (pharmacologic)
interventions, by preserving energy metabolism elongating the therapeutic time window
(Gunn & Gunn, 1997). At present, no individual neuroprotective agent has been proven safe
and effective for the protection of neonates from neurological sequels after H-I insults as
monotherapy. The persistent clinical failures might be due to many factors, including;:
heterogeneity in the causes of neural death in humans, associated toxicity at the doses required
for drug-efficacy, the lack of adequate CNS penetration across the BBB and or the limited time
window available to start the treatment (in real-life clinical practice, delays in the initiation of
therapy are difficult to avoid).

Since there are many mechanisms involved in H-I process, it is reasonable to assume that the
combination of several drugs or the use of molecules that combine two or more neuroprotective
actions can exert synergistic effects by blocking diverse metabolic pathways. Traditionally, the
above mentioned simultaneous drug co-administration has been discouraged, since itinvolves
potential risks of interference, side effects and error in the sequence of administration.
However, the use of hypothermia plus adjuvant therapies has been extensively reviewed (Cilio
& Ferrriero, 2010; Robertson et al, 2012; Buonocore et al, 2012; Shankaran, 2012). According to
the existing literature, the combined therapy of hypothermia and other neuroprotective
strategies would be expected to increase the therapeutic time window, enhance neural repair
and improve the neurological outcomes of HIE. Although both clinical observations and
animal experimentation suggest that the cascade of damaging events in the developing brain
may last for several days -thus extending the window of opportunity for intervention- the most
successful outcome is likely to result from the earliest possible delivery of therapy (Rees et al,
2011). Few studies have examined possible interactions of medications with hypothermia and
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whether combination therapies augment neuroprotection. Based on the preclinical studies,
ongoing trials in neonates include: inhaled xenon and cooling (NCT01545271 and
NCT00934700), safety of erythropoietin (NCT00719407), darbepoetin and hypothermia
(NCTO0147105), and topiramate plus hypothermia (NCT01241019).

Additional neuroprotective strategies to combat perinatal brain injury are urgently needed
that may be used as possible synergies for therapy. Presumably the best outcome will be
achieved by a multi-modal therapeutic approach such as a combination of hypothermia with
anti-oxidants and glutamate receptor antagonists, using drugs with multiple effects (affecting
multiple injury cascades and with neuroregenerative potential) without toxicity, no apparent
interaction and previously used in children. Furthermore, the timing of the administration of
medication may be critical to optimize the benefits and avoid neurotoxicity (e.g., early acute
treatments targeted at amelioration of the neurotoxic cascade compared with subacute
treatment that may promote regeneration and repair) (Kelen & Robertson, 2010).

8. Staggered design for a “off-label* combined therapy”

Given the urgency to find better therapies for HIE, and in the absence of ongoing clinical trials,
we propose a model of “off-label therapy” based on hypothermia /antiepileptic drugs in
combination with antioxidants, phospholipase A2 inhibitors, glutamate receptor antagonists
and EPO using a staggered design in function of the intensity of the perinatal asphyxia and
severity of the encephalopathy. However, we believe that a multicenter interventional
randomized controlled pilot phase II clinical trial would be necessary.

Premises

* All drugs have been approved by the FDA.

* All the drugs have been currently available in infants without serious side effects.
* All drugs have demonstrated neuroprotection

* All drugs have and synergy with hypothermia, increasing the neuroprotective efficacy of
therapeutic hypothermia in perinatal H-I brain injury — animals/clinicals- models.

* All drugs have different mechanisms and multiple potential modes of action.
Timing of the administration of medications:

At the time of initiation of hypothermia, stage 1 drugs would also be administered for at least
72 hours. If moderate / grave encephalopathy (according to clinical and encephalographic
evaluation) persists, administration of the drugs assigned to the next stages would successively
proceed. It should be noted that the use of hypothermia delays the pathophysiological
response to H-I (postpones secondary energy failure) and therefore “widens” the therapeutic
window. This phenomenon allows staggering the application of the adjuvant drugs, thus
providing the physician with the necessary time to assess the clinical situation of the patient
and decide whether to proceed to the next therapeutic phase.
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8.1. Primary/latent phase (0-6 hours)

* Anticonvulsants for neonatal seizures: PHENOBARBITAL: PB remains the preferred drug
for the treatment of seizures in neonates with HIE. Ways of action: anticonvulsant effects
by increase GABA subtype A (GABAA)-receptor channel chloride currents, reduced
cerebral metabolic demand, antioxidant effects and decreased cerebral edema. Doses:
loading dose 20 mg/kg IV, followed by 3- 5 mg/kg/day, every 12 hours

* Antioxidative drugs: Free radical nonenzymatic scavengers (N-acetylcysteine and
Vitamin E)

* N-acetylcysteine (NAC). Ways of action: act as an anti-oxidant and is also a scavenger of
oxygen FRs, reduce oxidative stress and inflammation; prevents endotoxin-induced
degeneration of OL progenitors and hypomyelination; attenuated activation of apoptotic
proteases.

Continuous IV infusion, by simplified N-acetylcysteine dosing regimen — Standard prepara-
tion of IV-

Prepare standard solution IV: 50ml NAC 20% + 200ml SG5% (5% dextrose in water) = Solution
NAC 40mg/ml. Doses: 150mg/kg (3,75ml x kg) IV loading dose administered over 1 hour,
followed by an infusion of 12 mg/kg/h (7.2ml x Kg) for 24 hours. Continue with infusion of
150 mg/kg/24 h (3.75 ml x Kg) for 24 hours, to complete 72 hours

Or72-hour oral-NAC: 140 mg/kg of oral NAC followed by 70 mg/kg every 4 h. for an additional
17 doses.

* Vitamin E. Ways of action: protects OL during this special vulnerability maturation period
from the oxidative stress-induced death caused by glutathione depletion. It also ameliorates
secondary mitochondrial failure. Doses: 50 U.L orally, followed by 1 Ul/kg/24 hours.
Equivalency: 1 U.L Vitamin E = 1 mg tocopherol acetate.

8.2. Secondary phase (6-72 hours)

* Antiexcitatory drugs: Topiramate. Ways of action: blocking sodium channels, high voltage-
activated calcium currents, enhancing GABAinduced influx of chloride, and inhibiting
kainite/ AMPA glutamate receptors. It also to blocks carbonic anhydrase isoenzymes and
the mitochondrial permeability transition pore. Doses: 10 mg/kg/24 hous, divided into 2
doses, orally administered by orogastric tube.

* Bioactive lipid mediators: Citicoline. Ways of action: Neuroprotective effects - decrease
of phospholipase A2 stimulation and hydroxyl radical generation; increase of glutathione
synthesis and glutathione reductase activity, restoration of Na'/K*-ATPase activity, and
antiglutamatergic effects. Roles in the generation of phospholipids involved in membrane
formation and repair; prevention of fatty acid release, stimulation of phosphatidylcholine
synthesis, preservation of cardiolipin and sphingomyelin levels. Neuroregenerative effects
- related to inhibition of the glutamate induced apoptotic pathway, markedly reduces
caspase-3 activation; increases neurogenesis in the SVZ and migration of neural progenitors
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to the lesion area with increased neurogenesis also within the peri-infarct area. Dosis: 100
mg/kg/24 hours, every 12 h, intravenously during the first 3 days, and orally administered
by orogastric tube thereafter for a total of 6 weeks.

8.3. Tertiary phase (>72 hours)

* Anti-apoptotic drugs: Erythropoietin (EPO). Ways of action: Neuroprotective effects -
activation of anti-apoptotic, anti-oxidant and anti-inflammatory pathways as well as
through the stimulation of angiogenic and neurogenic events; reduces the excitotoxic effect
of glutamate and a glutamate receptor agonist (AMPA) on cortical neuron cultures.
Neuroregenerative effects - prevents apoptosis induced by NMDA or by NO in neurons
from cerebrocortical cultures and regulates neurogenesis. Dosis: Recombinant human EPO
(rhEPO) given subcutaneously 400 U/kg daily for 5 days, thereafter 3 times a week.

9. Conclusion

Since hypoxic ischemic encephalopathy (HIE) is a potentially preventable cause of cerebral
palsy (CP), much interest has been focused on prevention as well as research on neuroprotec-
tion therapies. Neuroprotective treatment for HIE in the clinical practice has been limited to
the application of hypothermia in the newborn which is now accepted as a significant therapy,
since so far no drug has shown any benefit when administered on its own. However, hypo-
thermia alone may not provide complete protection or stimulate the repair that is necessary
for a normal neurodevelopmental outcome. As we have described in this chapter, many
mechanisms can be involved in the H-I process. It is therefore a reasonable assumption that
the combination of several drugs involving two or more neuroprotective actions may exert
synergistic effects by tackling several metabolic pathways at one time. We propose a model of
“off-label combined therapy” based on hypothermia /antiepileptic drugs in combination with
antioxidants, phospholipase A2 inhibitors, glutamate receptor antagonists or EPO using a
staggered design in function of the intensity of the perinatal asphyxia and severity of the
encephalopathy.

Note

*”Off- label” use is the use of already authorized pharmaceutical drugs for an unapproved
indication or in an unapproved age group, unapproved dosage, or unapproved form of
administration.

The term “compassionate use” (also known as compassionate exemption or expanded access) is used
to define treatment options that allow the use of an unauthorised medicine. It may be applied
to patients who cannot be treated satisfactorily by an authorised medicinal product or cannot
enter a clinical trial. Although sometimes “off label use” has been considered a type of
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“compassionate use”, those two concepts should not be mistaken since they have different
legal requirements. For reference and discussion see:

* Randall S. Stafford. "Regulating Off-Label Drug Use — Rethinking the Role of the FDA". N

Engl ] Med 2008; 358: 1427-1429.

* Bombillar-Sdenz F.M. “The “Compassionate Exemption” In Spain: Not Asking For Com-
passion, Op. J., Vol. 2/2010, Paper n. 1, pp. 1 - 25, http://lider-lab.sssup.it/opinio, online

publication July 2010.

* Guideline on compassionate use of medicinal products, pursuant to article 83 of regulation
(EC) No 726/2004. Doc. Ref: EMEA/27170/2006.

Abbreviations

AA arachidonic acid

AEDs antiepileptic drugs

ALLO allourinol
AMPAalfa-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid

BBB blood-brain barrier

CBF cerebral blood flow

CBFV cerebral blood flow velocity
CAT catalase

CSF cerebrospinal fluid

CNS central nervous system

CP cerebral palsy

DC dendritic cell

DEX dexamethasone

EAA excitatory amino acid

EPO erythropoietin

FDA Food and Drug Administration (USA)
FFA free fatty acids

FR free radical

GPX glutathione peroxidase

H-I hypoxic—ischemic

HIE Hypoxic ischemic encephalopathy
IL interleukins

I/R ischemia/reperfusion

IV intravenous

IVH intraventricular hemorrhage

LPS lipopolysaccharide

MBP myelin basic protein

NAC N- acetyl-I-cysteine

NICU Neonatal Intensive Care Unit
NMDA N methyl-D-aspartate

NO nitric oxide

NOS Nitric oxide synthase

NT's neurotransmitters

OL oligodendrocyte

PAF platelet activating factor

PB Phenobarbital

PLA2 phospholipase A2

Pre-OL premyelinating oligodendrocyte
PUFAs polyunsaturated fatty acids
PVL periventricular leukomalacia
PWMD periventricular white matter damage
PCW postconceptional weeks

RNS reactive nitrogen species

ROS reactive oxygen species

SCs Stem cell

SNN selective neuronal necrosis
SOD superoxide dismutase

SPZ subplate zone

SVZ subventricular zone

TLR toll-like receptor

TPM Topiramate

VLBW very low birth weight

WM white matter
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Chapter 6

Neuromusculoskeletal Rehabilitation of Cerebral Palsy
Using SEMLARASS

Deepak Sharan

Additional information is available at the end of the chapter
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1. Introduction

The primary aim of motor treatment of Cerebral Palsy (CP) is to control and correct spasticity,
abnormal movement patterns and lever arm dysfunction, since these problems directly affect
the activities of daily living, ability to walk and developmental milestones.

1.1. Disabilities in CP

1.1.1. Primary disabilities

Primary disabilities are due to the direct effect from the brain lesion, and includes spasticity,
delayed milestones, sensory problems, cognitive impairment, imbalance, lack of muscle
strength, abnormal movements, etc. The injury to the Central Nervous System affects critical
inputs to the reticulospinal and corticospinal tract, which in turn affects the motor units and
results in abnormal control and weakness. Loss of descending inhibitory input through the
reticulospinal tract and other system increases the excitability of gama and alpha neurons,
producing spasticity.

1.1.2. Secondary disabilities

Secondary disabilities are due to the after effects of primary disabilities. These include
contractures, lever arm dysfunctions and scoliosis. The contractures are the after effects of
spasticity. Common contractures in CP are hip flexion (psoas), knee flexion (hamstring) and
equinus ankle (gastrocnemius) in the lower extremities, and elbow flexion (biceps and
pronator) and wrist flexion (forearm flexors) contractures in the upper extremities. The concept
of lever arm dysfunction was proposed by Dr. James Gage. Lever is a rigid structure that
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transmits and modifies force or motion when forces are applied at one point and is able to
rotate about another. In the human body, joints function as levers to transmit forces. Lever arm
(also known as a moment arm) is the perpendicular distance from the line of application of a
force to the axis of joint rotation. Lever arm dysfunction is the disruption in the moment
generation of a muscle joint complex because of an ineffective lever or moment arm despite
normal muscle force. The types of lever arm dysfunction are: Short lever-arm (coxa valga),
Flexible lever-arm (pes valgus), Malrotated lever-arm (external tibial torsion), An abnormal
pivot or action point (hip subluxation or dislocation), and/or Positional lever—arm dysfunction
(crouch gait).

Positional lever—arm dysfunction (crouch gait). The result of lever arm dysfunction is func-
tional weakness and decreased power generation, due to abnormal direction of pull of muscles
(Gage JR, Novacheck TF, 2001; Novacheck TF, Gage JR, 2007)

Children with CP are unable to perform sufficient movement to adequately stretch their
muscles, particularly when those muscles are spastic. The stretch is the stimulus that facilitates
muscular growth. The growing bones often become plastically deformed or twisted because
of the uneven/abnormal muscle forces present during growth in a child with CP and the spastic
muscles cause joint displacement by pulling on the bones. This leads to lever arm dysfunction
in the femur as increased femoral anteversion, in the tibia as external tibial torsion and in the
heel as valgus deformity. Another important lever arm dysfunction is hip joint dislocation or
subluxation.

1.1.3. Tertiary disabilities

Tertiary disabilities are coping responses to primary or secondary disabilities and must be
carefully identified and left alone. An example is circumduction of hip in co-spasticity of rectus
femoris and hamstring.

1.2. Progression of gait abnormalities in CP

The gait in an ambulant child with CP is characterised by crouched position (flexion of the hip
and knees), intoeing (internal rotation of femur), and walking on the toes (equinus foot
placement). This gait is extremely inefficient and result in increased energy expenditure due
to the presence of simultaneous contraction of agonist and antagonist muscles. If the child
continues walking in the presence of contractures and lever arm dysfunction the inevitable
result is over lengthening of tendons (e.g., calcaneus deformity due to over lengthened
tendoachilles) and joint decompensation, after which further ambulation becomes increasingly
difficult.

1.3. Overview of current treatment options for cerebral palsy and their limitations

a. Oral Muscle Relaxants [Gracies JM, et. al, 1997; Hattab JR, 1980; Ryan DM, Blumenthal
FS, 1993] Baclofen, Diazepam, Dantrolene, Tizanidine, Clonidine, Vigabatrin, Idroclimide
etc. are available for the management of spasticity. The benefits of these drugs are severely
limited by neurological effects such as drowsiness, daytime sedation, lassitude, exhaus-
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tion, light headedness, ataxia, confusion, dizziness, headache, insomnia, myalgia, muscle
weakness and euphoria, hallucinations, nightmares, depression and dyskinesia. Other
reported side effects include withdrawal symptoms, gastrointestinal disturbances such as
a dry mouth, nausea, vomiting, constipation or diarrhoea.

Phenol & Alcohol Injection [Kolaski K, et. al., 2008] Phenol or carbolic acid (3-7%) and
Alcohol (45-100%) is injected directly to the spastic muscles or to the corresponding motor
nerve. Phenol denatures protein and causes non-selective tissue destruction in the injected
area (including coagulation of nerve and muscle) followed by Wallerian degeneration of
neurons, that can occur for several weeks. Because diffusion of both is limited, the area of
effective denervation extends just a few millimeters from the injection site. The duration
of denervation is 3-6 months for alcohol and 4-8 months for phenol. It should be reserved
only for motor nerves such as the obturator nerve and musculocutaneous nerve. Disad-
vantages are pain on injection requiring a general anaesthetic or heavy sedation, non-
selective protein denaturation and possible permanent muscle fibrosis, dysaesthesias and
motor weakness, e.g., foot drop.

Botulinum Toxin Type A [Jianjun L, et.al, 2013] The limitations include high expense,
transient effect lasting a few weeks or months, lack of efficacy in the presence of general-
ised spasticity, muscle contractures or lever arm disease, and life threatening complica-
tions (permanent paralysis, respiratory paralysis and death in hundreds of children) have
been reported leading to FDA issuing a warning in January 2008 against its use in CP.

Neurodevelopmental Therapy The policy statement from the American Academy of
Cerebral Palsy & Developmental Medicine concluded that the long-term benefits of
Neurodevelopmental Therapy were marginal and/or not measurable. Except for an
immediate improvement in the range of motion of joints, no other functional parameters
showed any long-term improvement in a review of the available literature [Butler C,
DarrahJ,2001]. A child with mild CP shows improvement with therapy, whereas the more
severe cases progressively develop contractures and lever arm dysfunctions around the
age of 4-7 years, after which no further improvement occurs with continuing therapy.

Intrathecal baclofen (ITB) therapy. A few studies have reported positive and statistically
significant results for lower-extremity muscle tone. From ITB the quality of life improve-
ment estimates were 0.27 for a bed-bound patient not in pain, to 0.5 for abed-bound patient
experiencing severe spasm-related pain. Over five years, the total discounted cost was
£15,400. The cost per quality adjusted life year ranged from £6,900 to £12,790 [Sampson
FC, et. al,, 2002]. Several life threatening complications have been reported with ITB
therapy such as complications related to pump replacement and implantation (19%),
infection (10%), CSF leakage (17%), catheter drawing out, disconnection or breakage
(10.5%). Drowsiness, nausea, headache, muscle weakness, light-headedness and return of
pretreatment spasticity can be caused by intrathecal pump delivering an incorrect dose
of baclofen [Motta F, et.al., 2007]. Intrathecal baclofen withdrawal syndrome is a very rare,
potentially life-threatening complication of baclofen pump caused by an abrupt cessation
of ITB [Ross JC, et.al., 2011 ].
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f.  Selective Dorsal Rhizotomy [Lundkvist A, Hagglund G, 2006; Crawford K, et. al., 1996;
Mooney JF 3rd, Millis MB, 1999; Turi M, Kalen V, 2000] This is associated with adverse
permanent effects (sensory disturbance, bladder dysfunction, scoliosis, lordosis, hip
dislocations and foot deformities), loss of antigravity stability and worsening of motor
function, and has no efficacy in patients with contractures, lever arm disease or upper
limb involvement.

g. Conventional Orthopaedic Surgery. Orthopaedic surgery has been used to restore
normal alignment, correcting contractures and deformities, and achieving stability by
arthrodesis. Earlier it was believed that adductor spasticity was the predominant risk
factor for hip dislocation, which frequently required surgical intervention [Spiegel DA,
et. al., 2004]. It is now evident, after the advent of computerised gait analysis that what
was called “scissoring” gait in the past is actually due to spasticity of medial hamstrings
and increased femoral anteversion, in most instances [Scrutton D, et. al., 2001]. Adductor
tenotomy and obturator neurectomy (a commonly performed operation) in this situation
will convert an assisted ambulator into a non-ambulator, because of denervation of
adductor brevis (an important hip flexor and antigravity muscle), besides producing an
abduction deformity of hips. Matsuo T, et. al. [1986] compared a group of nineteen patients
who had concomitant adductor tenotomy and anterior branch obturator neurectomy with
a group of twenty-three patients who had only myotomy of the adductor longus and
gracilis muscles. The nineteen patients in the neurectomy group had an unacceptable
broad-based gait with hyperabduction of the hips. Iliopsoas lengthening or tenotomy at
its insertion at lesser trochanter of femur is frequently done for a fixed flexion deformity
of the hip. However, it is now known that this causes loss of power in hip flexion, and
hence selective release of the psoas muscle at the pelvic brim has been recommended.
[Matsuo T, et. al., 1987] The gluteus medius is a major internal rotator of the hip, and when
itis spastic it can cause the objectionable in-toed gait in spastic diplegia. Steel’s procedure
of transfer of the insertion of the gluteus medius and minimus to the anterolateral aspect
of the proximal part of the femur was effective in a few patients. But the patients in whom
the procedure failed had a severe Trendelenburg limp postoperatively [Steel HH, 1980].
The correction of contractures of one joint without concomitant correction of spasticity of
another joint may result in irreparable over lengthening of tendons. The commonest
clinical scenario is that of a child with spastic diplegia who walks on the toes. The
immediate response of many surgeons is to perform Z lengthening of the tendoachilles,
a simple procedure that takes only a few minutes to perform, but the functional effects to
the child may be devastating and permanent. Most children with spastic diplegia have
hip and knee flexion contractures, and tiptoe in order to shift the center of gravity close
to the body. It is extremely rare to encounter a true tendoachilles contracture in diplegics,
and inappropriate lengthening of tendoachilles in the presence of hip and knee contrac-
tures inevitably leads to an unstable calcaneus deformity, which cannot be braced nor
salvaged surgically. Besides, the crouch at the knee persists. The problems with Conven-
tional Orthopaedic Surgery are: 1) Lengthening of monoarticular muscles or tendons
(adductor brevis, iliopsoas, tendoachilles) leading to loss of antigravity action and severe
weakness, 2) Over lengthening of tendons is common, 3) Muscle transfers (e.g., Eggers)
often lead to reverse deformity, e.g., genu recurvatum, 4) It does not help the severely
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involved: quadriplegics, athetoid, dystonia, 5) Joint fusion (Grice fusion) leads to degen-
eration of surrounding joints, 6) Lever arm dysfunction is rarely corrected simultaneously
or early enough leading to recurrence of contractures and 7) It cannot control spasticity,
produce reciprocal movements to facilitate antigravity muscles, and improve functional
skills and voluntary movement of the hand.

Studies have shown that the GMFCS remains unchanged or "stable" in the vast majority of
children with currently available treatment modalities, including single-event multilevel
surgery in bilateral spastic CP [Rutz E, et. al., 2012]. Conventional treatment for CP fails to
simultaneously and effectively address spasticity, abnormal movement patterns and lever arm
dysfunction, leading to a need for better rehabilitation strategies to address the functional
problems in a person with CP.

2. SEMLARASS — A new management approach for CP

With the help of experience of treating CP for a decade and extensive research, Dr. Deepak
Sharan conceptualised Single Event Multilevel Lever Arm Restoration and Anti Spasticity
Surgery (SEMLARASS) at RECOUP Neuromusculoskeletal Rehabilitation Centre, Bangalore,
India in 2001.

SEMLARASS has the following components:

1. Single Event: All surgeries are completed under a single anaesthetic, requiring only one
hospital admission and one period of rehabilitation,

2.  Multilevel: All the affected regions and all orthopaedic deformities (soft tissue and bony)
are corrected simultaneously in view of interdependence of joints,

3. Lever Arm Restoration: Simultaneous correction of lever arm dysfunctions to improve
the direction of pull of muscles and to facilitate muscle strengthening postoperatively,

4. Anti Spasticity: using Orthopaedic Selective Spasticity Control Surgery (OSSCS),
developed by Dr. Takashi Matsuo (Tokyo, Japan) based on the concept that multiarticular
muscles, which have less antigravity activity, are hyperactive in CP. Therefore, spasticity
and athetotic movements can be controlled by releasing them selectively. The monoar-
ticular muscles, which have antigravity activity and are responsible for maintaining an
upright posture, are carefully preserved [Matsuo T, 2002].

The unique features of SEMLARASS [Sharan D, 2005] are:

a. Operating between the ages of 4 years to 6 years (preferably), to avoid joint decompen-
sation and over lengthening of tendons that happen due to continued usage of deformed
joints,

b. Minimally invasive procedures using image intensification that do not require large skin
incisions and consequent risk of blood loss and infection,

c.  Use of only External Fixators that do not require a second operation for removal,

197



198 Cerebral Palsy - Challenges for the Future

d. All bony operations done to restore deformed lever arms are extra-articular to allow for
the maximum growth potential of children’s bones,

e. Simultaneous lever arm restoration is essential for spasticity and contracture correction
as well as to reduce chances of recurrence of deformities and repeat surgery at a later stage,
and to improve the direction of pull of muscles and facilitating strengthening,

f. Tendon lengthening or transfers are avoided to reduce weakness or overcorrection, and

g. The surgery is followed by a time bound, structured and intensive physician directed
rehabilitation protocol developed by Dr. Sharan.

SEMLARASS has been successfully carried out in over 1000 children from across the world.
Several children have completed a follow up of 12 years and no child has had to reoperated
due to recurrence of contracture or deformity.

2.1. Recommended age for SEMLARASS

The best functional outcomes are achieved between the age group of 4 to 6 years. The child
develops a mature gait pattern by the age of 4 years and is better able to cooperate with an
intensive post-operative physiotherapy programme. Once this window of opportunity is lost
(usually due to reluctance of physiotherapists or physicians to let go or the insistence of the
family in exploring non-operative options at any cost) and complex decompensated joint
pathology has developed, the results of operation are less gratifying, though functional
improvements still occur in older children and adults. Unstable lever arm disease must be
operated irrespective of age if there is to be any hope of preserving ambulation.

2.2. Advantages of SEMLARASS

i There is no loss of antigravity activity and weakness of the muscles because mono-
articular muscles are preserved,

ii. There is no loss of sensation or sense of stereognosis,

iii. There is no increase in the occurrence of dislocations,

iv. There is little risk of recurrence of contractures and deformities with continued
growth,

V. Only one hospital admission and post operative rehabilitation period,

vi. Even non ambulatory cases improve functionally and achieve a better quality of life,
and

vii. More cost effective compared to other treatment options (Sharan D, 2005).

2.3. Functional results of SEMLARASS

The study included 314 children with CP with mean age 9.7+4.8 years. The types of CP were
spastic diplegia (58%), spastic quadriplegia (35%) and spastic/athetoid/dystonic quadriplegia
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(7%). The results showed a significant improvement after a 1 year post-surgical rehabilitation.
Correlation studies showed median value of Functional Mobility Scale (FMS) of 3 before
surgery and 5 after surgery. Before surgery the median value of Gross Motor Functional
Classification System (GMFCS) was level 4 and after surgery it was level 2. The GMFCS
improved 2 levels on average. Before surgery the mean value of Pediatric QOL (PQOL) was
39.64+17.49; after surgery the mean value was 23.11 +14.02. Before surgery median value of
Manual Ability Classification System (MACS) was 3 and after surgery it was 1. Children with
severe CP (GMFCS 1V and V) showed more positive correlation than mild to moderate cases.
No child was wheel chair bound at the end of the rehabilitation and all the children were able
to walk at least with help of a walking aid. A significant improvement was noted in their
participation levels, motivation and a significant improvement in the over all quality of life.
Over 50 patients have been followed up beyond 10 years and there have been no recurrences
(Sharan D, 2012).

2.4. Outcome of SEMLARASS in severe cerebral palsy (GMFCS IV AND V)

Gross Motor Function Classification System (GMFCS) is a 5 level classification system with
clinically meaningful distinctions in motor function between levels and its emphasis on self-
initiated movement with particular emphasis on sitting (trunk control) and walking. Persons
with CP at GMFCS levels IV and V are non-ambulatory and at a greater risk of complica-
tions like hip subluxation/dislocation, Osteopenia/Osteoporosis and Low Energy Frac-
tures. Prevention of these complications requires that these persons are made ambulant
with or without support. However, the recommended rehabilitation strategy at present for
these groups is wheel chair aided mobility leading to a “Catch 22” situation. The pur-
pose of the study was to find out the functional outcome of SEMLARASS and rehabilita-
tion in persons with cerebral palsy (GMFCS levels IV and V). In this study 170 children
with GMFCS V&IV were participated. Mean age of the participants was 9.68+4.77. The
follow up ranged from 1 year to 3 years (mean= 1 year). The outcome measures such as
component of Gross Motor Function Measure (GMFM-88), Functional Mobility Scale (FMS),
Physicians Rating Scale (PRS), Manual Ability Classification System (MACS) were used to
compare the functional status of the child before and after SEMLARASS. The results showed
a significant improvement in all GMFM-88 components and the values were Lying and
Rolling (A); GMFM V: t-9.77 (P<0.001), GMFM 1V t-8.56 (P<0.001), Sitting (B); GMFM V:
t-20.01 (P<0.001), GMEM IV: t-12.61 (P<0.001), Crawling and Kneeling (C); GMFM V: t-22.26
(P<0.001), GMFM 1V: t-21.01(P<0.001); Standing (D); GMFM V: t-20.01 (P<0.001), GMFM 1V:
t-22.64 (P<0.001),Walking, Running and Jumping (E); GMFM V: t-12.71 (P<0.001), GMFM
IV t-15.65 (P<0.001), and total GMFM-88; GMFM V t-31.55 (P<0.001), GMFM IV: t-32.86
(P<0.001), respectively. The result of Pre-Post PRS evaluation showed a significant improve-
ment for both sides (Right: t-8.60, (P<0.001); Left: t-9.21, (P<0.001). The improvement in the
MACS (Right: t-4.05 (P<0.001); Left: t-5.74 (P<0.001) and FMS (t-5.46 (P<0.001) were also
significant among both GMFCS V and IV (Sharan, 2012).
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2.5. Complications of SEMLARASS

A study was done to quantify the complications encountered during rehabilitation following
SEMLARASS in 463 consecutive patients. The following complications were reported:
Myofascial Pain Syndrome (149, 32.60%), Prolonged Articular Stiffness beyond 4 weeks (111,
24.23%), Patellofemoral Pain Syndrome (38, 8.13%), Osteopenia (36, 7.88%), Meralgia Pares-
thetica (26, 5.69%), Pressure Ulcers (19, 4.10%), Hypertrophic Scar (18, 3.94%), Low Energy
Fractures (19, 4.06%), Superficial Pin Tract Infection (12,2.56%), Wound Dehiscence (9,1.92%),
Patellar Tendinitis (8,1.71% ), Myositis Ossificans (7,1.51%), Complex Regional Pain Syndrome
(5,1.07%), Rickets (3, 0.6%), Osteomyelitis (2, 0.43%), Transient Common Peroneal Nerve Palsy
(2, 0.43%), Transient Axillary Nerve Palsy (2, 0.43%), Skin Hypersensitivity (1, 0.21%), and IT
Band Friction Syndrome (1, 0.21%). There was a significant association between the anatomical
distribution of abnormality and osteopenia (x2 — 8.01, p<0.05). A preoperative GMFCS level
IV and V was associated with a higher prevalence of complications like Osteopenia, Low
Energy Fractures and Myositis Ossificans. However, none of the complications were life
threatening, permanent or affecting the long term outcome of surgery. To minimise the rate
of complications we recommend a structured rehabilitation protocol carried out by an
experienced multidisciplinary medical team. Before the surgery, the patients, parents and care
givers should be counselled regarding the prevalence of these complications, along with the
available prevention and treatment options (Sharan D, 2013).

2.6. Surgical Techniques used in SEMLARASS

SEMLARASS differs from conventional orthopaedic surgery in the following ways:

a. Technique of surgery: conventional orthopaedic surgery relies on tendon lengthening,
aponeurotic releases and tendon transfers, while SEMLARASS employs the techniques of
selective spasticity control surgery, e.g. intramuscular myofascial lengthening and
controlled sliding tendon lengthening. Tendon transfers are avoided in SEMLARASS.

b. Selective release of multiarticular muscles: In conventional orthopaedic surgery, a 5 year
old child with spastic diplegia who walks on the toes, intoed, crouched at hips and knees,
with equinovalgus would be treated by adductor tenotomy (and possibly obturator
neurectomy), iliopsoas lengthening, distal hamstring lengthening or advancement
(Eggers procedure), tendoachilles lengthening and Grice fusion of subtalar joint. In
SEMLARASS, the procedures would be OSSCS of psoas, gracilis, medial hamstrings,
gastrocnemius, femoral rotational osteotomy and medial displacement sliding calcaneal
osteotomy. Hence, in conventional orthopaedic surgery several monoarticular muscles
are released while in SEMLARASS only multiarticular muscles are selectively released.

c¢. Simultaneous release of flexor and extensor muscle groups in each joint: in SEMLAR-
ASS (except at wrists, hands and feet), while in conventional orthopaedic surgery only
the flexor or the extensor muscle group is usually released.

d. Timing of surgery: conventional orthopaedic surgery is recommended in adolescence to
avoid the risk of postoperative recurrence of contractures and deformities. Since SEM-
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LARASS corrects lever arm dysfunction at a much younger age the risk of recurrence is
minimal.

e. Simultaneous lever arm restoration: in conventional orthopaedic surgery, lever arm
restoration is left till adolescence and is often not combined with soft tissue surgery. It is
frequently not addressed at all. Unlike SEMLARASS, joint fusions are often used and
internal fixation (plates and screws) is used to stabilise osteotomies that requires a second
operation to remove the implants.

2.7. Assessment in SEMLARASS

In SEMLARASS the assessment is a “bridge” between the patient, surgery, rehabilitation and
prognosis. This bridge carries the patient from one phase of the treatment to the next phase.
Assessments in SEMLARASS are mainly divided into: 1) Pre-operative assessment, 2) Post-
operative assessment during rehabilitation and 3) Functional outcome measurement.

2.7.1. Pre-operative assessment

Pre operative assessment starts from first consultation with the Paediatric Orthopaedic
Surgeon followed by other assessments by paediatric neurologist/developmental paediatri-
cian, physical and occupational therapists, child psychologist, speech therapist and medical
social worker.

The main objectives of the pre operative assessment are:

1. Tomake an accurate diagnosis, whether CP or other progressive neuromuscular disorder
2. To classify the type of CP and level of impairment

3. Screening any associated risk factors in the patient

4. To determine whether SEMLARASS is indicated

5. If SEMLARASS indicated, then to decide the nature of surgical procedures
6. For predicting the expected functional outcome

The following methods are used at RECOUP for pre-operative assessment:

1. Detailed history,

2. General assessment,

3. Assessment of sensory deficit and function,

4. Neurological assessment,

5. Musculoskeletal assessment, and

6. Instrumented gait analysis
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2.7.2. Musculoskeletal assessment and surgical prescription

The primary objective of the musculoskeletal assessment is to assess the musculoskeletal
problems in the extremities and prescribe the appropriate surgical procedures. The assessment
includes measurement of spasticity along with associated fixed deformities and lever arm

dysfunctions.

Assessment Surgical Prescription

Staheli test (hip flexion deformity) OSSCS psoas

Duncan Ely’s test (rectus femoris contracture) OSSCS rectus femoris

Adductor test (hip adductor contracture) OSSCS gracilis, distal adductor magnus
Popliteal angle (hamstring contracture) OSSCS distal and/or proximal hamstring
Silfverskiold test (gastrocnemius contracture) OSSCS gastrocnemius

Craig test (increased femoral anteversion) Distal femoral derotation osteotomy

Hip subluxation or dislocation Proximal femoral varus derotation osteotomy

o ) ) . Proximal femoral varus derotation osteotomy and
Hip dislocation with dysplastic (shallow) acetabulum
tectoplasty

Tibial torsion Proximal tibial derotation osteotomy
Hind food valgus Medial displacement calcaneal osteotomy
Plano-valgus foot with midfoot break Calcaneal lengthening osteotomy

Table 1. Surgical prescription based on pre-operative assessment

2.7.3. Assessment during postoperative rehabilitation

Purpose of the assessment:

1. To analyse the progress from one phase to another

2. To assess effectiveness of the treatment interventions
3. To determine the need to modify the interventions and
4. Tojudge the prognosis during the rehabilitation.

The main assessment methods used are:

1. Goniometry for hip, knee and ankle range of motion

2. Muscle power, spasticity and/or deformity

N

Soft tissue integrity
4. Balance and antigravity control

5. Mobility status and
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6. Over all functional status.

This periodic assessment is usually performed by the Paediatric Orthopaedics Surgeon, who
makes immediate changes in the treatment protocol in discussion with the rehabilitation team
during the rehabilitation to ensure the optimal functional outcome.

2.7.4. Functional outcome measurement

The functional outcome measurement are performed one day before the surgery, 3" postop-
erative month, 6" month, 1 year and after 2 years. The objectives of this assessment is: 1) to
find out the overall outcome of SEMLARASS, 2) to compare the effect of SEMLARASS in
different types of CP (e.g., based on GMFCS and MACS), 3) to document the results and publish
research studies related to SEMLARASS.

At RECOUP, the following outcome measures are commonly used:
1. Gross Motor Functional Measure (GMFM),

2. Modified Ashworth Scale,

3. The Amsterdam Gait Classification,

4. Melbourne Assessment of Unilateral Upper Limb Function and House Classification for
upper extremity use,

5. Functional Mobility Scale (FMS),
6. Pediatric Outcomes Data Collection Instrument (PODCI),
7. The Fahn-Marsden dystonia scales, and

8. Pediatric Quality of Life Inventory (PEDS QL)

2.8. Post-SEMLARASS rehabilitation

A successful functional outcome after SEMLARASS requires intensive rehabilitation for atleast
2 years after the operation. Children and their parents need to be well prepared before the
operation, as well as strongly motivated after the operation in order to endure the prolonged
rehabilitation process. A Paediatric Physiotherapist is designated as the programme coordi-
nator.

The entire Post-SEMLARASS Rehabilitation is divided into four phases:
a. Non-ambulatory phase: 0-2 weeks

b. Weight bearing phase: 2-4 weeks

¢. Ambulatory phase: 1-6 months

d. Maintenance phase: 6-24 months
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Stages Time Period  Treatment Choice

Intervention Outcome Measure

Phase 1
Non Ambulatory

0-2 weeks  Soft Tissue Techniques

Oedema Control, Scar Tissue
Mobilisation, MFR, Stretching

Phase Pain Management Wax Bath, IFT,TENS, UST, Desensitisation,
Techniques PRT, MTrP Therapy (Cross Friction
Massage, Ischaemic Compression),
Relaxation Exercises, CBT, Imagery, MMT
Breathing Exercises ROM
Joint Mobilisation Mulligan MWM: Hip, Knee, Ankle
Techniques
Basic Strengthening FES, Isometric Exercises, PRE with
Exercises Theraband, MET, PNF, Aquatic Therapy
Balance Training Ball Exercises
Phase Il 2 -4 weeks Advanced FES, PRE with Weight Cuffs, Core
Weight Bearing Strengthening Exercises Stabilisation, Hippotherapy, Aquatic
Phase Therapy, PNF, Ball Exercises, EMG
Biofeedback
Advanced Balance Ball Exercises, Exercises on Balance
Training Board/ Wobble Board/Trampoline, Anti MMT,
Gravity Muscle Strengthening, Virtual ROM
Reality Based Therapy
Mobility Exercises Mat Activities, Static Cycling
Gait Training Body Weight Supported Treadmill
Training, Parallel Bar Walking (with
Assistive Devices)
Phase llI 1 -6 Months Advanced Balance Ball Exercise, Balance Board Training
Ambulatory Training with/without Assistive Devices, Dynamic
MMT
Phase Mobility Exercises, Virtual Reality Based
GMFCS
Therapy
GMFM
Advanced Core Stabilisation, PNF, Mat Activities, EMS
Strengthening Exercises EMG Biofeedback, Hippotherapy, Yoga, PedsQL (Child &
Tai Chi Parent Report),
Gait Training MACS
Sensory Re-education  Sensory Integration The Amsterdam Gait
Classification
Upper Limb MFR, Stretches, CIMT, Fine Motor
Rehabilitation Activities, Virtual Reality Based Therapy
Phase IV 6-24 Gross Motor Functions  Cycling, Running on Treadmill, Uphill GMFCS
Maintenance  Months and Fine Motor Running, Threading a Needle, Painting, GMFM
Phase Activities Drawing, Shoelace tying, Writing FMS
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Stages Time Period  Treatment Choice Intervention Outcome Measure

Sporting Activities ~ Badminton, Basketball and Football MMT
PedsQL (Child &
Parent Report)

PODCI
The Amsterdam Gait

Community Based ~ Community Walking
Rehabilitation

Classification

Table 2. Post SEMLARASS Rehabilitation Protocol. SEMLARASS Post-Surgical Rehabilitation Intervention Pathway

Abbreviations:

PRT - Positional Release Techniques

TrP — Trigger Point Therapy

MEFR — Myofascial Release

MMT - Manual Muscle Testing

ROM - Range of Motion, measured by a goniometer
MWM - Mobilisation with Movement

CBT - Cognitive Behavioural Therapy

IFT - Interferential Therapy

TENS — Transcutaneous Electrical Nerve Stimulation
UST - Ultrasonic Therapy

FES - Functional Electrical Stimulation

PRE - Progressive Resistive Exercises

MET — Muscle Energy Techniques

PNF - Proprioceptive Neuromuscular Facilitation
EMG - Electromyograph

MACS - Manual Ability Classification System
GMECS - Gross Motor Function Classification System
GMEFM - Gross Motor Function Measure

PedsQL — Paediatric Quality of Life Inventory
PODCI - Paediatric Outcome Disability Classification Index
PRS - Physician Rating Scale

FMS - Functional Mobility Scale
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CHQ - Child Health Questionnaire

CIMT - Constraint Induced Movement Therapy

2.9. Prognosis following SEMLARASS

The DEEPAK SHARAN'S Prognostic Score for CP is currently undergoing validation studies.
The following factors have been found to determine the final functional results following
SEMLARASS:

* Dysfunction of lever arm in the lower extremities
* Epileptic episodes in last two years

* Excessively lengthened tendons (e.g., due to previous Botulinum Toxin injections or Tendon
lengthening surgery)

* Post operative complications in relation with severity and its duration
* Abnormalities of bone mineralisation

* Known cognitive deficits

* Sensory problems

* Hand function

* Age at the time of surgery

* Rehabilitation in terms of intensity and quality

* Achieved level of gross motor function

* Neurosurgery in the past

* Socioeconomic background

3. Representative case studies

3.1. Case study 1

Prop Status

H, a 7 year old boy with spastic diplegia could barely take few steps when held by an adult
with severe crouching at knee and toe walking. The GMFCS level was 4.

Treatment

SEMLARASS, with OSSCS Psoas, proximal and distal Semimembranosus, Semitendinosus,
Gastrocnemius, along with bilateral femoral external rotation osteotomies followed by 6
months of post operative rehabilitation.
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Current functional status

At a follow up of 6 years, he was walking and performing all the activities of daily living
independently. Now he carries his bag to school by himself, climbs stairs and also participates
in running, football and cycling. The current GMFCS level was 1.

“Our son, born with Spastic Diplegia, till the age of five could only walk on toes with constant support and now after the
surgery and aggressive rehabilitation at RECOUP started walking independently with lot of confidence and enthusiasm.”
Parents of H

Figure 1. Before and after SEMLARASS

3.2. Case study 2

Preop status

S, a 10 year boy, was a known case of spastic diplegia. He was an independent ambulator with
severe crouching at knee, intoeing and toe walking, with frequent falls. The GMFCS level was
2.

Treatment

SEMLARASS, with OSSCS Psoas, distal Semimembranosus, Semitendinosus, Gastrocnemius,
along with bilateral femoral external rotation osteotomies followed by 3 months of post
operative rehabilitation.

Current functional status

At a follow up of 5 years, he was walking independently with a near normal gait and doing
all the activities of daily living himself. Now he can sprint and play sports at a competitive
level. The current GMFCS level was 1.
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“My child made quick improvements following SEMLARASS. Now, he walks and runs independently. When he first at-
tained physical stability after the surgery he would just run around nonstop to express his joy. He now calls himself Mo-
han Lal (after the famous Malayalam Cine Star) since he believes he is now a different person altogether. We are
thankful to the RECOUP team for giving our child a life which we once thought impossible.”Parents of S

Figure 2. Before and after SEMLARASS

3.3. Case study 3

Preop status

A, was a 12 year old girl and could barely take a few steps with extremely crouched knee with
the support of an adult (GMFCS level 4). She was studying in a normal school but had to be
carried by her parents to and back from the school, and could not participate in any outdoor
activities.

Treatment

SEMLARASS, with OSSCS Psoas, proximal and distal Semimembranosus, Semitendinosus,
Biceps Femoris, Gastrocnemius, along with bilateral femoral external rotation osteotomies,
tibial internal rotation osteotomies and medial displacement calcaneal osteotomies, followed
by 8 months of post operative rehabilitation.

Current functional status

At 5 year follow up, she was walking independently, doing all the activities of daily living
herself, travelling to school by school bus without any assistance. The current GMFCS level
was 2.
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“I was 100 percent confident that, | would be able to walk independently. Finally | reached that goal. This is a rare and
unexpected experience in life. Now | am enjoying my life with my friends and no barrier in front me.”A

Figure 3. Before and after SEMLARASS

3.4. Case study 4

Preop status

A, was a 19 year old girl with spastic athetoid hemiplegia (GMFCS level 2) with severe and
disfiguring upper limb deformities, including swan neck deformities of all fingers. She had
undergone failed tendon transfers in the forearm and wrist earlier.

Treatment

OSSCS right forearm flexors and pronators and hand intrinsics, distal semimembranosus,
gastrocnemius, tibialis posterior and external rotation tibial osteotomy, followed by 3 months
of post operative rehabilitation.

Current functional status

At a follow up of 8 years she had a cosmetically acceptable and functional upper extremity
and was an independent community ambulator (GMFCS level 1).

3.5. Case study 5

Preop status

A, an 11 year old boy was diagnosed to have cerebral palsy (spastic quadriplegia, GMFCS level
5), was always carried by his father. He had not attained sitting balance and had severe
spasticity and contractures in all 4 extremities.

Treatment

SEMLARASS, with OSSCS Psoas, Gracilis, proximal and distal Semimembranosus, Semite-
ndinosus, Biceps Femoris, Gastrocnemius, along with bilateral femoral external rotation
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Figure 4. Before and after SEMLARASS

osteotomies, tibial internal rotation osteotomies and medial displacement calcaneal osteoto-
mies, followed by 4 months of post operative rehabilitation.

Current functional status

At a follow up of 6 years, he was walking in the community with help of elbow crutches and
a few steps independently and doing all the activities of daily living herself. Now he was
studying in normal school and walked to school himself. The current GMFCS level was 2.

“While critically analysing the progress accomplished by my son through SEMLARASS | would like to mention that the
improvement shown by him was dramatic and beyond my expectations. Before surgery | had to carry him to the school
due to marked crouching and tip toeing. Now these problems are corrected to a great extent and he is walking with just
one hand support and short distances independently.” Parents of A.

Figure 5. Before and after SEMLARASS
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3.6. Case study 6

Preop status

B, an 18 year old male and a known case of spastic quadriplegia was a non ambulator, an
assisted sitter with severe spasticity in all 4 extremities (GMFCS level 5). He needed two
caregivers to help him transfer.

Treatment

SEMLARASS, with OSSCS Psoas, Gracilis, proximal and distal Semimembranosus, Semite-
ndinosus, Biceps Femoris, Gastrocnemius, along with bilateral femoral external rotation
osteotomies, tibial internal rotation osteotomies and medial displacement calcaneal osteoto-
mies, followed by 8 months of post operative rehabilitation.

Current functional status

At a follow up of 5 years, he was walking with help of single stick or one hand support and
doing all the activities of daily living himself. He could stand independently for short durations
and was now studying in a special school. The current GMFCS level was 3.

“I am extremely thankful to the staff of RECOUP for their inmense efforts to help me achieve a good quality life. Now [
have the ability to operate a computer and | am studying computers in my school. My future plan is to advertise the
experiences and miracles in my life for helping other children with disabilities"B.

Figure 6. Before and after SEMLARASS
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3.7. Case study 7
Preop status

O, a 10 year boy had spastic athetoid quadriplegia with generalised dystonia. He was a non
ambulator and an assisted sitter with non-functional upper limbs (GMFCS level 5).

Treatment

He underwent SEMLARASS, with OSSCS Psoas, distal Semimembranosus, Semitendinosus,
Gastrocnemius, along with bilateral femoral external rotation osteotomies. He also underwent
OSSCS of proximal biceps femoris, triceps, distal teres major, latissimus dorsi, forearm flexors,
pronators, hand intrinsics and adductor pollicis, followed by 9 months of rehabilitation.

Current functional status

Ata follow up of 5 years, he could walk inside the house independently and used a single stick
for walking in the community. He had good hand function on both sides and was independ-
ently going to school. The current GMFCS level was 2.

Figure 7. Before and after SEMLARASS

3.8. Case study 8
Preop status

S, a 10 year old girl, and a known case of spastic athetoid quadriplegia, did not have head
control and was unable to sit or lie down in bed due to the severe spasticity and abnormal
movements. The GMFCS level was 5.

Treatment

She underwent SEMLARASS, with OSSCS Psoas, distal Semimembranosus, Semitendinosus,
Gastrocnemius, along with bilateral femoral external rotation osteotomies. She also underwent
OSSCS of proximal biceps femoris, triceps, distal teres major, latissimus dorsi, forearm flexors,
pronators, hand intrinsics and adductor pollicis in the second stage, followed by 9 months of
rehabilitation.
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Current functional status

At a follow up of 5 years, she was walking with rollator and sitting without support. She had
achieved complete head control and good hand function. Also the abnormal movements were
greatly reduced. The current GMFCS level was 3.

Figure 8. Before and after SEMLARASS

4. Conclusion

SEMLARASS is the first and only treatment modality for CP to systematically, simultaneously
and effectively address all the major problems restricting the child’s functional activities, i.e.,
spasticity or movement dysfunction and lever arm dysfunction. Currently, a well-planned and
executed SEMLARASS, in the context of a multi-disciplinary team, provides the child with CP
with the best hope for a dramatic, predictable and lasting functional improvement (e.g.,
improved GMFCS level). This is especially true of spastic quadriplegia, dystonia and athetosis
that account for over two-thirds of cases of CP, where available treatment options are extremely
limited.
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1. Introduction

Discovery of stem cells by James Till and Ernest McCulloch in 1961, stands as one of the most
remarkable medical-research achievements of the 20th century. This discovery provided a
foundation for further breakthroughs in the field of stem cells. Sir Martin J. Evans along with
Mario R. Capecchi, and Oliver Smithies were jointly awarded a Nobel Prize in 2007 for their
contribution in introducing specific gene modifications in mice by the use of embryonic stem
cells. Later in 2012, John B. Gurdon and Shinya Yamanaka were also jointly awarded a Nobel
Prize for discovering that mature cells can be reprogrammed to become pluripotent cells. [1]

Ramon y Cajal in 1926 stated “Once the development was ended, the founts of growth and
regeneration of the axons and dendrites dried up irrevocably. In the adult centers, the nerve
paths are something fixed, ended, and immutable. Everything may die, nothing may be
regenerated. It is for the science of the future to change, if possible, this harsh decree.” [2]. It
was a long-standing belief that cells of the central nervous system once damaged cannot be
regenerated. The medical science of stem cells has finally made restoration of CNS possible
which has changed the old concept of medicine. Not too long ago, this therapy was hamstrung
by various controversies, ethical and moral issues. But, tremendous progress of research in
this field has finally led to its translation from laboratory to innovative cellular therapies.

A variety of cells including embryonic stem cells, adult stem cells, umbilical cord blood cells
and induced pluripotent stem cells have been explored as a therapeutic alternative for treating
a broad spectrum of neurologic disorders including stroke, Alzheimer’s, Parkinson’s, spinal
cord injury, cerebral palsy etc. amongst others. It is essential to select suitable cells depending
on the nature and status of neurological dysfunctions to achieve optimal therapeutic efficacy.
Along with the selection of cells, the route of administration also plays an important role to
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maximize the clinical therapeutic effect of the cell therapy. Numerous preclinical studies have
been carried out to study the safety of intrathecal, intravenous and direct cerebral implantation.
A plethora of published literature is also available to provide evidence of stem cells initiating
functional restoration of CNS. The postulated mechanisms of action involved are neuromo-
dulation, neuroprotection, axon sprouting, neural circuit reconstruction, neurogenesis,
neuroregeneration, neurorepair, and neuroreplacement.

In view of the fact that stem cell therapy has a promising therapeutic potential in the treatment
of neurological disorders, it is important for all the professionals in the medical field to
understand the concepts of this upcoming therapeutic strategy.

In this chapter, we have focused on stem cell therapy for Cerebral Palsy (CP) which is a
heterogeneous group of neurological disorders mainly observed in infants. It results due to a
static brain lesion at the time of pregnancy or early life. The survival of CP children has
increased due to advanced modern medicine which has led to their growing population. CP
involves impairment of movement, muscle function, and cognitive functioning and the effects
range from mild to severe. [3] Chronic motor disability along with intellectual disability,
epilepsy, behavioral disorders, and sensory and perceptual disturbances are few of the
complications seen in these patients. No biological intervention has been effective for CP and
the standard approach is limited to supportive management strategies which do not address
the core issue of neural tissue damage. Currently, stem cell based strategies have garnered
attention due to their ability of neuroregeneration and neuroprotection in CP.

We have discussed the clinical aspects of stem cell therapy in cerebral palsy supported by
various human case studies and clinical trials. We have also enumerated our experience and
results wherein our subjects were administered autologous bone marrow mononuclear cells.
In our study it was found to be safe, feasible and efficacious and may be used as a combinatorial
strategy with the currently available standard treatments.

Here, we try to summarize the current vast knowledge available for stem cell therapy in
cerebral palsy.

2. Stem cells

Stem cells are defined as “cells that have the ability to renew them continuously and possess
pluripotent or multipotent ability to differentiate into many cell types.” [4]These cells exhibit
a unique property of “plasticity” where in cells isolated from one tissue convert to cells of
different tissues by crossing lineage barriers and adopting the expression profile and pheno-
type of cells that are unique to other tissues. [5]

Stem cells are categorized based on their potential to differentiate into other types of cells.

1. Totipotent cells: These cells have the ability to differentiate into all possible cell types of
the human body including extra embryonic and placental cells.
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Pluripotent cells: These cells have ability to differentiate into any of the three germ layers
viz. endoderm, mesoderm and ectoderm.

Multipotent cells: These cells have the ability to differentiate into specialized cells.
Oligopotent cells: These cells have the ability to differentiate into a few cell types.

Unipotent cells: These cells have the ability to produce cells only of their own type, but
are capable of self-renewal to be classified as a stem cell.

2.1. Types of stem cells

Stem cells are broadly classified based on their source, as follows:

i

ii.

iii.

Embryonic stem cells (ESCs): These cells are pluripotent cells derived from a 4-7 day
old blastocyst stage embryo. The cells are harvested from the inner cell mass (ICM)
of the blastocyst. Invitro, they can be indefinitely maintained and expanded as pure
populations of undifferentiated cells. [6] Inspite of their great potency in tissue repair,
these cells have triggered various ethical and moral issues due to the destruction of
human embryos involved. [7] They also have tumorigenic side effects as ESCs and
tumor cells share cellular and molecular phenotypes such as rapid proliferation rate,
lack of contact inhibition, a susceptibility to genomic instability, high activity of
telomerase, high expression of oncogenes and epigenetic status amongst others. They
form teratomas which have the potential to degenerate into malignant teratocarci-
nomas [8] The likelihood of development of tumors in children cannot be overlooked
as they have many years of life ahead of them for the tumor formation to occur.

Fetal Stem Cells: These cells are isolated either from the aborted fetus or from the
extra embryonic structures of the fetal origin such as the amniotic fluid and placenta.
Fetal blood is a rich source of haemopoietic stem cells (HSC). Non-haemopoietic
mesenchymal stem cells (MSC) are also found in the first trimester fetal blood. [9]
These cells have better homing capacity, greater multipotentiality and differentiation
potential and lower immunogenicity as compared to the allogeneic adult stem cells.
[10] Although these cells have a greater therapeutic potential they may also be
associated with infections. These cells are prone to KS-associated herpes virus
(KSHV) infections. [11] As the safety is not yet substantiated, fetal cells are not often
used for transplantation. Use of fetal cells is ethically controversial as it is associated
with abortion. Research on fetal cells is permitted only after the decision of abortion
is made.

Umbilical cord: Umbilical cord contains a heterogeneous mixture of stem/ progenitor
cells at different lineage commitment stages. Cells are isolated either from the cord
blood or the Wharton jelly. They consist of embryonic stem cell-like and other
pluripotential stem cells, which can give rise to hematopoietic, epithelial, endothelial,
and neural tissues. [12] Various banks have evolved to collect and preserve the
umbilical cord blood. But the utility of these centers is still questionable. The protocols
and guidelines for collection and retrieval of cells are still being standardized. Other
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disadvantages of use of UCBCs are limited by the fact that minimum necessary
dosage of cells for cell engraftment is 1 x 107 cells per kilogram which includes the
total nucleated cell fraction along with stem cells. Thus, the available dose of autol-
ogous cells obtained at birth may be insufficient for transplantation at an older age
of the child [13].

Amount of stem cells found in the cord blood is 10% less than that obtained from the bone
marrow. [14] There are some reports of associated Herpes virus and JC virus infection by
allogeneic UCBCs transplantation [15,16]

iv. Induced pluripotent stem cells (iPSC): To circumvent the ethical issues involved in
the use of embryonic stem cells, pluripotent cells were generated directly from the
patients' own cells. Induced pluripotent stem cells are non-pluripotent adult cells
(somatic cells) which have been genetically reprogrammed to form pluripotent cells.
The iPSC technology develops patient-specific cell therapy protocols. The availability
of iPSCs is particularly advantageous for research involving neurological diseases,
since it is difficult to obtain diseased tissue sample for study from living patients. [17]

V. Adult stem cells: These cells are multipotent stem cells, isolated from adult tissues
(i.e. after birth). They include hematopoietic stem cells, bone marrow derived stem
cells, adipose tissue-derived stem cells, neural stem cells amongst others [18] Adult
stem cells are found in almost all the tissues of the body and help to maintain and
repair organs and tissues throughout a person's life. These cells are majorly found in
the bone marrow, brain, skeletal muscle, liver, pancreas, fat, skin and skeletal muscle.
The different types of adult stem cells include multipotent adult progenitor cells,
oligodendrocyte progenitor cells neural stem cells, glial progenitor.

2.2. Major sources of adult stem cells

i. Bone marrow: Anterior or posterior superior iliac crest is the preferred site for the
bone marrow aspiration. If bone marrow cannot be obtained from the iliac crest due
to positioning difficulties or obesity, sternum may be used in adults. However,
aspiration from sternum poses a great risk of complication. [19]

Bone marrow is a proficient source of autologous cells with distinct regenerative properties,
which can be quickly harvested and are thus applicable for both chronic and acute diseases.
Cells isolated from the bone marrow not only differentiate into blood cells but also into neural
tissues. [20] The mononuclear cell fraction derived from the bone marrow is a heterogeneous
population containing differentially matured B-cells, T-cells and monocytes, as well as rare
progenitor cells such as hematopoietic stem cells (HSC), mesenchymal stromal cells (MSC),
endothelial progenitor cells (EPC) and very small embryonic-like cells (VSEL). The hemato-
poietic stem cells (HSCs) are the blood cells which give rise to the myeloid and lymphoid
lineages. HSCs also have a potential to transdifferentiate into various nonhematopoietic cell
lineages especially neural lineage. [21] [Figurel] Bone marrow mesenchymal stem cells
(BMMSCs) give rise to mesodermal lineage cells such as osteoblasts, chondrocytes, adipocytes,
and muscle cells along with neuroectodermal cells. [22] BMMSCs express a unique surface
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molecule profile, including expression of CD13, CD29, CD44, CD49e, CD73, CD90, CD105,
CD146, CD166, CD271, STRO-1, Octamer-4 (Oct4), and stage-specific embryonic antigen-4
(SSEA4). It is generally believed that BMMSCs are negative for hematopoietic cell markers
such as CD14, CD34, c-kit, SCA1. [23]

Ithasbeen observed that use of cell mixture is more efficacious than individual sub fractionated
cells of the bone marrow. They promote angiogenesis, mediate vascular repair, and express
several cytoprotective growth factors and cytokines. These cells are also safe and due to its
easy availability they are most preferred for cellular therapy. These cells are used for the
treatment of various neurological disorders such as cerebral palsy, stroke, Parkinson’s, Spinal
cord injury, etc. along with diabetes, orthopedic conditions, cancers and wound healing. [24,25]

In brain injury, stem cells induce neuroprotection and neural repair by inflammatory sup-
pression, causing tissue reconstruction of completely or partially damaged cells and prevent
cell death. [26] On administration, these cells migrate to the injured tissue and initiate host
repair and recovery through direct and indirect cell-cell signaling. [27]The safety of use of bone
marrow derived cells has been well established as they have an autologous origin and do not

result in tumor formation.
Mutipctent Stem Cells /y

Bone Marrow Stem Em ﬂ
Phuripotent Stem Cells \

Figure 1. Bone marrow stem cells

ii. Adipose tissue: Adipose tissue derived stem cells (ASCs) are multipotent cells, found
abundantly in fat tissue. They can differentiate into several lineages, including
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iii.

iv.

adipose cells, chondrocytes, osteoblasts, neuronal cells, endothelial cells, and
cardiomyocytes. These cells are obtained either through liposuction or lipectomy.
Mesenchymal stem cells make up the majority of the adipose derived stem cells. [28]
Due to their plasticity, they are a preferred alternative to the BMSCs. [29] One of the
major disadvantages of adipose derived stem cell is the isolating procedure. There-
fore, a professional technician is required for cell isolation. In experimental cerebral
palsy models, infusion of adipose derived stem cells has shown to improve physical
activities and cognitive deficits. They have the ability to replace damaged oligoden-
drocytes and neurons without forming glial scars.[30]

Dental pulp: A population of stem cells has been isolated from the human dental
pulp known as dental pulp stem cells (DPSCs). They have an ability to regenerate a
dentin-pulp-like tissue. [31] DPSCs are a heterogeneous population of cells as they
are composed of both mesenchymal and ectodermic cells. These cells are readily
obtained from routine dental procedures such as removal of impacted third molars,
deciduous teeth and have been shown to possess properties similar to neural stem
cells and mesenchymal stem cells. [32] Under appropriate conditions, these cells also
undergo neuronal differentiation. [33] One of the disadvantages of DPSCs is that it
takes longer to culture mesenchymal stem cells from teeth active tissue. Also, it is
difficult to harvest a large quantity of stem cells from teeth.

Menstrual Blood stem cells: Recently, stem cells have been identified from the
endometrial tissue. The endometrial lining of the uterus has tremendous capacity of
regeneration. The menstrual blood consists of a heterogeneous population of cells.
However, isolation of these cells is a very invasive procedure. [34] Their potential in
CP is not studied.

Peripheral blood stem cells: Peripheral blood consists of circulating stem cells
capable of restoring hematopoiesis. Hematopoietic stem cells obtained from PB by
leukapheresis have been used for transplantation as an alternative to bone marrow-
derived stem cells (BM-stem cells). The haemopoietic “potential” of PBSCs is
equivalent to that of BM- stem cells [35] Their use in CP is not well established.

2.3. Various routes of administration of stem cells for cerebral palsy

The appropriate route of cell administration is essential prerequisite for the success of cellular
therapy. For the treatment of cerebral palsy, cells are injected via various routes such as
intrathecal, intravenous and intracerebral.

i.

Intrathecal administration: Intrathecal administration of cells involves delivery of
cells via lumbar puncture. It is a minimally invasive procedure as compared to other
routes of administration. This mode of injection allows efficient delivery of cells and
the possibility of migration of cells to the tissues other than the damaged ones is
avoided. [36]

This procedure needs to be done under aseptic condition to avoid any sort of infections. In
case of cerebral palsy, it is considered to be the safe, feasible and efficacious route of admin-
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istration. In cerebral palsy, studies have shown that this route of administration results in
positive functional outcomes. [37]

ii. Intravenous administration: Intravenous system of delivery of cells has been widely
used in cellular therapy due to its broad bio distribution and easy access. It is one of
the most minimally invasive and safe modes of administration. Studies have shown
that on administering cells intravenously, few cells reach the damaged site while a
majority of cells get trapped in the lungs. Pulmonary passage could be one of the
major hindrances for intravenous administration of stem cells. Hence, for effective
result of intravenous stem cell transplantation, it is necessary to increase the number
of cells injected. [38]

iii. Intracerebral administration: In cerebral palsy, intracerebral transplantation of stem
cells is carried out by injecting cells in the subventricular zone. This leads to migration
of cells to the areas of ischemia but the outcome is not as remarkable as compared to
the other minimally invasive procedures. Additionally, in CP the injury of the brain
is diffused and a local injection could be focused on a particular area which might
notbe as effective. Intracerebral injection also increases the risk of bleeding and neural
tissue injury. [39] Since, it is yet to establish cellular therapy as a cure, an invasive
transplantation is not recommended due to the risks involved. Hence, a safer route
of administration should be used.

2.4. Mechanism of action of stem cells in cerebral palsy

To understand the mechanism of action of stem cells in the treatment of cerebral palsy, it is
important to understand the empirical neuropathophysiology. In spite of the vast and varied
etiology; underlying cellular mechanisms, that cause the morbidity or mortality associated
with cerebral palsy, are tissue damage caused by hypoxia and ischemia. The clinical manifes-
tations of this cellular damage, depends on a range of factors including the time of insult, the
severity of insult and cause of the insult. Brain tissue is heterogeneous and responds differently
to hypoxia and ischemia. Therefore, a certain type of brain tissue is implicated to cause cerebral
palsy. Recent preclinical, immunohistochemical and imaging evidence suggests periventric-
ular white matter injury (PWMI), particularly damage to oligodendrocytes (OLs) as a primary
cause of cerebral palsy [40,41,42]. PWMI is a spectrum ranging from cystic focal necrotic
lesions, periventricular leuckomalacia (PVL) to specific cortical scarring in the deep regions of
sulci, Ulegyria to diffuse myelination disturbances. Oligodendrocyte progenitors are abun-
dantly present in the subventricular and periventricualr zones, therefore damage to these cells
is seen as PVL in neuroimaging investigations. The extent of the damage to the white matter
and its consequences are dependent on the developmental stage at which the damage occurred,
brain vascularization and the type of tissue[43].

Vascularization of the brain begins as early as 28" day of gestation with the formation of carotid
arteries, followed by the large arteries, their branches, communicating arteries, long penetrat-
ing arteries and ends with the formation of short penetrating arteries in the post term period.
Damage at pre term leads to focal cystic necrosis in the vascular end zones of the long
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Figure 2. Phases of Oligodendrocyte development

penetrating arteries causing PVL, damage at term leads to tissue injury at the border zones of
the long and short penetrating arteries giving rise to Ulegyria and damage at post term leads
to diffuse myelination disturbances caused at the vascular end zones of short penetrating
arteries [44]. Subsequently most vulnerable cells, precursors of Oligodendrocytes (OLs),
undergo necrosis through apoptosis. This leads to myelination disturbances. Oligodendro-
cytes evolve through an established lineage of OL progenitors to pre OLs to immature OLs to
mature OLs. [Figure 2] Hypoxic ischemia as observed in cerebral palsy leads to death of pre
OLs and subsequent deficiency of mature OLs and myelination. Other cell types and mecha-
nisms that contribute to pathophysiology of CP are axonal damage and microglial activation
[45]. Following this primary insult to the nervous tissue, activation of glial cells leads to
secretion of various chemical mediators of tissue necrosis in the neural microenvironment,
leading to secondary white matter injury. These mediators are Reactive oxygen and nitrogen
species, glutamates, adenosine and inflammatory cytokines like Tumor necrosis factor alpha
(TNF-av), interferon gamma (INF-v), Interleukin -1 beta (IL-1p3) and superoxide radicals [46].

Cellular therapy regulates all of the above cellular mechanisms. Neuroplasticity of the brain
is maximal during childhood. Hence, stem cell intervention is more successful in these
children as the integration of new cells in the brain to carry out the repair process is more
effective [47]. Stem cell possess the capacity to home onto the injured sites of brain, as
guided by chemo attractant pathway [48]. The effects of cellular therapy are twofold,
enhancing the brain tissue repair caused by various paracrine mechanisms and regenera-
tion of neural tissue. Stem cells help in modifying the microglial response by exhibiting
immunomodulatory, neurotrophic properties and enhance axonal sprouting. Various
neurotrophic factors secreted by the stem cells are connective tissue growth factor,
fibroblast growth factor 2 and 7 that are responsible for cell proliferation, interleukins
responsible for cytoprotection [49,50,51]. Stem cell therapy restores lost myelin by replac-
ing dead cells with new oligodendrocytes and their progenitors. Indirectly, it may also
support their survival by introducing other cell types able to restore missing enzymes to
an otherwise deficient environment [47]. Stem cell therapy also has an anti-inflammatory
effect on the neural microenvironment as they reduce the levels of TNF-a,IL-1i, IL-1a, IL-6
and increased levels of IL-10 [52]; therefore, enhancing the endogenous brain repair. Stem
cells also secret various growth factors like vascular endothelial growth factor (VEGF),
fibroblast growth factor (FGF), brain fibroblast growth factor (bFGF). These growth factors
initiate neoangiogenesis and induce secretion of hormones like erythropoietin. The cascade
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events triggered due to these lead to formation of new vessels as well increased bold flow.
Improved blood circulation of the brain thus helps retrieving the lost tissue functions [50].

3. Published literature

Several preclinical experiments on animal models of cerebral palsy have been carried out to
demonstrate the potential of cell transplantation to minimize damage and promote recovery.
However, limited clinical trials have been initiated to study the effect cell therapy in humans.

Human umbilical cord blood cells (hUCBCs) have been explored to a great extent in cerebral
palsy. hUCBCs have been administered in rat models of neonatal hypoxia/ ischemia. They
protect the mature neurons in the neocortex from injury, bring about near-normalization of
brain damage in the subventricular zone (SVZ) leading to significant improvement in behav-
ioral functions. The long lasting effect of these cells is due to the paracrine effects of hUCBCs
which stimulate recovery in the injured brain and protect against further brain damage. [53]
On transplantation, hUCBCs have shown to ameliorate neurological and motor deficits in CP
model by reducing the levels of pro-inflammatory cytokines (Interleukin-1a (IL-1a), Interleu-
kin-1p (IL-1B), and Tumor necrosis factor a (TNFa) ) [54,55]

They also alleviate spastic paresis in neonatal rat models resulting in normal walking [56]
Studies have also shown that these cells promote neural stem cell proliferation via Sonic
hedgehog (Shh) signaling pathway improving the brain damage. [57] Human umbilical cord
blood (hUCB) cells have also shown to reduce sensorimotor deficits after hypoxic ischemic
brain injury in neonatal rats. The dimensions of cortical maps and receptive fields, which are
significantly altered after injury, are largely restored. Additionally, the lesion induced hyper-
excitability is no longer observed in treated animals compared to control animals. The results
demonstrate that hUCB cells reinstall the way central neurons process information by
normalizing inhibitory and excitatory processes. [58] it is also observed that these cells exhibit
a neuroprotective effect in the striatum, and decrease the number of activated microglial cells
in the cerebral cortex of treated animals, further resulting in better functional recovery. [59]
Tanaka et al, observed that CD133+ cells derived from hUCBCs reduce the cortical damage
and also promote axonal growth in neonatal rat organ co-cultures exposed to hypoxia. [60]

Various preclinical studies have shown that transplantation of stem cells in the CP models lead
to survival, homing and differentiation of these cells into neurons, oligodendrocytes, astro-
cytes etc.

Park et al reported clonal neural stem cells (NSCs) when transplanted into brains of postnatal
hypoxic-ischemic (HI) injury mice, home preferentially to and integrate extensively within the
ischemic areas. They differentiate into neurons and oligodendrocytes, the cell types damaged
due to HI. [61] A chinese study, wherein neural stem cells derived from human fetal brain
(hNSCs) were transplanted into cerebral ventricle of HI injury neonatal rat, too demonstrated
the survival, migration and differentiation capacity of these cells in rat brain. [62] Similarly,
Zheng et al showed that Multipotent astrocytic stem cells (MASCs) from mice transplanted
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into a rat model of hypoxia-ischemia (HI) survive, migrate and differentiate into neurons and
astrocytes. [63] In their study, Titomanlio et al implanted neurosphere-derived precursors in
neonatal mouse model of cerebral palsy induced by excitotoxicity. They observed that cells
migrated to the lesion site, remained undifferentiated at day 10, and differentiated into
oligodendrocyte and neurons at day 42. Although grafted cells finally die there few weeks
later, this procedure triggered a reduction in lesion size and an improvement in memory
performance compared with untreated animals. [64] Chen et al, transplanted magnetically
labeled mesenchymal stem cells in a model of perinatal brain injury. They found that these
cells migrate to lesion sites and proliferate. They are neuroprotective and indirectly contribute
to brain repair. [65]

Yasuhara et al, investigated the efficacy of intrahippocampal transplantation of bone marrow
derived multipotent progenitor cells (MPCs) in HI injury. They found that transplanted MPCs
ameliorated motor deficits associated with HI injury. [66] Webber et al in their study high-
lighted the protective effects of oligodendrocyte precursor cell transplantation in neonatal
inflammation-induced rat model of periventricular leukomalacia. [67]

All the above preclinical studies have been carried out in animal models of acute hypoxic
injury, hence showing significant results. But, similar results are difficult to replicate in human
cases since the intervention always, cannot be carried out immediately post injury. Thus, more
studies should be carried out in chronic injury models. Based on this observation, it can also
be concluded that earlier the intervention, better is the outcome.

Below are few of the published studies carried out in human cases of cerebral palsy.

Luan et al carried out a study on 45 patients diagnosed with severe CP. They underwent
transplantation of neural progenitor cell (NPC) derived from aborted fetal tissue. After 1 year,
the developmental level in gross motor, fine motor, and cognition of the treatment group was
significantly higher compared to the control group. These results suggested that NPC trans-
plantation is a safe and effective therapeutic method for treating children with severe CP. [68]

Chen et al, injected neural stem cell-like (NSC-like) cells derived from autologous marrow
mesenchymal stem cells in 30 cases of cerebral palsy. On follow up, they observed an increase
in the GMFM scores and language quotients compared to the control group. No adverse events
were recorded indicating that NSC-like cells are safe and effective for the treatment of motor
deficits related to cerebral palsy. [69] Mink et al carried out a double blind, randomized,
controlled trial in which they administered allogeneic umbilical cord blood cells potentiated
with recombinant human erythropoietin (thEPO) in CP patients. They observed improvement
in motor and cognitive dysfunction in children with CP, accompanied by structural and
metabolic changes in the brain. [70]

Papadopoulos et al administered autologous umbilical cord blood cells in 2 children diagnosed
with spastic diplegic CP. They found that this therapy was safe, feasible and led to functional
improvements in children which was seen by the change in GMFCS. [71]

Li et al, transplanted autologous bone marrow mesenchymal cells in an 11 year old CP
case with visual impairment. On six month follow up, he could walk better and his vision
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had improved significantly. These findings were supported by the electrophysiological
examinations. [72]

Jensen et al recently published a study wherein a 2 %2 year old boy received autologous
umbilical cord blood mononuclear cells intravenously. At 2-months follow-up the boy's motor
control improved, spastic paresis was largely reduced, and eyesight was recovered, as did the
EEG. He smiled when played with, was able to sit and to speak simple words. At 40 months,
independent eating, walking in gait trainer, crawling, and moving from prone position to free
sitting were possible, and there was significantly improved receptive and expressive speech
competence (four-word sentences, 200 words). This suggested that autologous cord blood
transplantation could be a treatment alternative for cerebral palsy. [73]

Wang et al reported a case of a 5-year old girl with CP who underwent umbilical cord
mesenchymal stem cells (MSCs) transplantation. She was treated with multiple times of
intravenous and intrathecal administration of MSCs derived from her young sister and was
followed up for 28 months. The gross motor dysfunction was improved. Immunity was
enhanced, physical strength improved along with speech and comprehension. [74]

Purandare et al, reported a case of cerebral palsy who was administered with autologous bone
marrow mononuclear cells. On follow up, they recorded a significant improvement in motor,
sensory, cognitive, and speech. Bowel and bladder control was also achieved. On the GMFCS-
E&R level, the patient was promoted from grade III to I. Hence, concluding that intrathecal
infusion of autologous BMMNUCs is feasible, effective, and safe in CP patients. [75]

In our previously published cases of cerebral palsy, one was with comorbid intellectual
disability [76] while the other one was without any comorbidity. [77] These cases were
administered with autologous bone marrow mononuclear cells intrathecally. Six months after
the treatment, both cases showed significant functional outcomes which was supported by
improvement in PET CT scan.

3.1. Ongoing trials

Currently, there are five clinical trials on stem cell therapy for cerebral palsy registered in
clinicaltrials.gov. [http://clinicaltrials.gov/]

2 studies are from India studying the safety and efficacy of bone marrow MNCs in cerebral
palsy in children below 15 years. One of the studies is a combination of phase 1 and phase 2
while the other is a combination of phase 2 and phase 3.

2 studies are from Iran, one evaluating the side effects of bone marrow derived CD133 cells
transplantation in cerebral palsy patients and the other studying the safety of multiple
intrathecal injections of bone marrow derived CD133 cells.

A study from USA is based on evaluating the safety and effectiveness of a single, autologous,
cord blood stem cell infusion for the treatment of cerebral palsy in children. It is a randomized,
controlled, blind, crossover study
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4. Administration of autologous bone marrow derived mononuclear cells
in children with cerebral palsy.

Sharma et al, carried out a study on 71 children, wherein they administered 20 cases of cerebral
palsy with autologous bone marrow mononuclear cells, intrathecally. [78] These cases
included dystonic and spastic CP. Symptoms commonly observed in them were delayed
milestones, spasticity, motor impairment, ambulation deficits, cognitive impairment, swal-
lowing and speech problems etc.

Autologous bone marrow MNCs were selected as they are easily obtainable, safe and do not
involve any ethical issues. As discussed earlier, intrathecal route of administration is a
minimally invasive, safe and an effective procedure as compared to other routes. Studies have
also proved that a mixture of cells exhibits more benefits as compared to a single sub fraction
of cells. [79] Hence, we chose to carry out intrathecal autologous BMMNC transplantation.

The patients were administered Granulocyte Colony Stimulating Factor (GCSF), 48 hours and
24 hours before the harvest and transplantation of BMMNC. On the day of the transplantation,
bone marrow was aspirated under general anesthesia in the operation theatre with aseptic
precautions. Approximately, 100 ml of bone marrow (varying between 80 ml and 100 ml, based
on the age and body weight) was aspirated from the region of anterior superior iliac spine
using the bone marrow aspiration needle and collected in the heparinized tubes.

The aspirate was then transferred to the laboratory where the mononuclear cells were
separated by the density gradient method. CD34+ counting was done by Fluorescence
activated cell sorting (FACS). The MNCs were checked for viability (Average viability count
was found to be 97%).

The separated autologous BMMNCs were immediately injected on the same day, intrathecally
using an 18G Touhy needle and epidural catheter at the level between fourth and fifth lumbar
vertebrae. The average numbers of cells injected were 8.19 x 107. Simultaneously 20mg/kg body
weight methyl prednisolone in 500 ml Ringer Lactate was given intravenously to enhance
survival of the injected cells. Patient was monitored for any adverse events.

On mean follow up of 15 months + 1 month post stem cell administration, improvement was
observed in 85% cases. [Figure 3] Significant improvement was observed in spasticity, neck
holding, drooling of saliva, muscle strength in upper and lower limbs, sitting and standing
balance, gross and fine motor activities, speech, swallowing, ambulation, and cognition. There
was also a reduction in dystonic movements. No major adverse events were recorded. Some
minor side effects such as headache, nausea and vomiting were experienced by few children
who were self-limiting (resolved within a week) and treated with medications. The improve-
ments in these patients sustained even after the follow up period of the study. None of them
showed any deterioration on the GMFCS [78]

We are also currently conducting a clinical study to assess the efficacy of autologous BMMNC
in 64 patients with CP. These patients are being treated with a combination of cell therapy and
rehabilitation. The unpublished data analysis have shown preliminary results as improvement
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in oromotor skills, speech, neck holding, sitting, standing and walking balance and significant
reduction in muscular tone and dystonic movements. These changes were observed in all types
of cerebral palsy over 6 months with varied follow up periods. [Figure 4,5,6]

Improvements After Stem Cell Therapy in CP Patients.
(Total 20)

20

16
14 -
12 -

10 -

2 _ -

0 1 T

NO IMPROVEMENT MILD IMPROVEMENT MODERATE SIGNIFICANT
IMPROVEMENT IMPROVEMENT

Figure 3. Graph demonstrating overall improvements in CP patients after stem cell therapy.

Percentage improvement noted in patients of diplegic cerebral palsy was as follows. Oromotor
skills (75%), speech (64%), neck holding (100%),Sitting balance (67%), standing balance(67%),
walking balance (67%), ambulation (30%), leg movements (54%), overhead movements (38%),
distal hand movements (69%), upper limb spasticity (38%), Lower limb spasticity (38%), trunk
muscle tone (36%), trunk dissociation (30%)

Percentage improvement noted in patients of quadriplegic cerebral palsy was as follows.
Oromotor skills (58%), speech (40%), neck holding (94%),Sitting balance (48%), standing
balance(27%), walking balance (21%), ambulation (13%), involuntary movements (25%), upper
limb spasticity (51%), Lower limb spasticity (50%), trunk muscle tone (36%)

Percentage improvement noted in patients with other types of cerebral palsy was as follows.
Oromotor skills (55%), speech (55%), neck holding (40%),Sitting balance (45%), standing
balance(50%), walking balance (27%), involuntary movements (9%), upper limb spasticity
(22%), lower limb spasticity (14%), dystonia of upper limbs (50%), dystonia of lower limbs
(100%), dystonia of the trunk (50%)
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Improvementsin Diplegic CP after SCT
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Figure 4. Graph demonstrating improvements in Diplegic CP patients after stem cell therapy
Improvementsin Quadriplegic CP after SCT
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Figure 5. Graph demonstrating improvements in Quadriplegic CP patients after stem cell therapy
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Improvementsin other types of CP after SCT
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Figure 6. Graph demonstrating improvements in other types of CP patients after stem cell therapy

5. Objective imaging evidence

Various clinical outcome measures have been devised to measure changes in sensory, motor,
cognitive, perceptual and Behaviour functions in CP. [80] It is however important to under-
stand the underlying mechanisms behind these changes.

MRI scans not only help reveal the underlying pathology of CP, but it also correlates with the
clinical findings. [81] It has been observed that, clinical trials using MRI as a primary outcome
measure failed to fully identify the effects of the therapy on clinical measures. [82] MRI shows
the structural malformations and grey and white matter lesions, these are only suggestive of
underlying tissue mechanisms; but MRI is not sensitive to measure the changes at cellular
level. Principle mechanisms underlying the benefits of cellular therapy are the changes brought
about in the microenvironment of cells reducing cell necrosis, ischemia and hypoxia. These
changes therefore cannot be measured on a plane MRI and hence it is not a sensitive tool to
monitor the effects of stem cell therapy. Functional neuroimaging on the other hand may be
an appropriate option to monitor the finer changes at cellular level.

The basic principle underlying the functional neuroimaging of the brain is that the cerebral
blood flow and metabolism is associated with neuronal activity. [83] Stem cell therapy aims
to modulate neuronal tissue function in the patients of cerebral palsy, through various
paracrine mechanisms. Measurement of the tissue function is therefore a preferred outcome
measure to monitor the effects of cellular therapy.

Positron Emission Tomography — Computed Tomography (PET — CT) is one of the techniques
of functional neuroimaging that measures the metabolism of the nervous tissue in terms of
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Fleuro-deoxy glucose (FDG) uptake. FDG is a radioactive glucose analogue that undergoes
glycolysis in the same manner as that of glucose. Once it has been metabolized to FDG - 6 —
Phosphate it cannot be further metabolized and is trapped inside the cell due to the imper-
meability of the cell membrane for this molecule. With increased glycolysis higher concentra-
tion of FDG-6-phosphate is observed. Photons emitted by this radioactive isotope are then
measured to identify concentration of FDG in the nervous tissue [84]. This is expressed as a
ratio of the actual uptake and the calculated presumed uptake of FDG, standard uptake value
[85]. Because of its ability to measure the finer changes in tissue metabolism, FDG PET-CT
holds a great potential as a monitoring tool. [86,87]

PET-CT scan is performed following a standard protocol. Various guidelines are available for
appropriate standardization, image acquisition and interpretation during PET-CT scanning.
Dosage of the radioactive dye is calculated based on the age and weight of the patient.
Calculated units are then administered systemically 30 minutes before scanning. [88].

FDG, chemically expressed as 18F-FDG is radionuclide and therefore special safety concerns
with its use need to be address. The primary safety concern is exposure to radiation. Incidence
of developing any side effect is negligible with the use of 18F-FDG PET-CT. The half-life of
18F-FDG is 109.8 minutes and is excreted via urine. The tissue metabolism of 18F-FDG is the
same in adult and children and the dose administered in children is “as low as reasonably
achievable”. Various adjustments with regards to scanning technology and measurement
period are made to enhance the quality of the image with the administered dose [89]. PET-CT
is sensitive to measure the cellular changes and it is a standardized imaging modality which
makes it a good monitoring tool to assess the effects of cellular therapy.

In our previous case studies involving cerebral palsy patients treated with autologous bone
marrow derived mononuclear cells (BMMNCs), the clinical outcome was correlated with
changes in the PET scan. In one case of a 20 year old CP patient with co morbid intellectual
disability, a repeat PET-CT scan showed significant increase in the FDG uptake in various
affected areas of the brain, which correlated with the clinical improvement in social behavior,
balance and motor control. However the MRI remained unchanged (76).

In another case of a 2 year old child with cerebral palsy, we observed similar correlation of
clinical improvement with the PET-CT changes in metabolism. (77) Six months following
cellular therapy she developed good neck control along with improvement in balance and
speech. These clinical changes were synonymous with the increased FDG uptake in the
bilateral mesial temporal structures, right basal ganglia, frontal, parietal, temporal and
occipital lobes.

Functional MRI is also one of the emerging techniques to study the functional outcome of the
intervention. The technique of fMRI is based on Blood oxygenation level dependent (BOLD)
contrast between rest and activated states of human brain. (90) Activation of neuronal tissue
leads to increased metabolism and increased oxygen demands that have a twofold effect of
greater oxygen extraction and increased cerebral blood flow; both of which result in higher
BOLD signals than that of resting tissue. In ischemic tissues the blood flow-metabolism couple
is impaired. Stem cells enhance angiogenesis, increasing the cerebral blood flow. Hence, fMRI
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may be effectively used to monitor the therapeutic outcome of stem cell therapy and should
be studied further. (91)

6. Role of rehabilitation in combination with stem cell therapy

For a long time, rehabilitation has been the standard approach for cerebral palsy. The goal of
rehabilitation in cerebral palsy is to develop coordination, build strength, improve balance,
maintain flexibility, optimize physical functions, manage spasticity and maximize independ-
ence. Rehabilitation is multidisciplinary. Various therapeutic regimens aim to enhance
particular clinical, functional and psychosocial consequences of CP. Physiotherapy, makes use
physical modalities to muscle spasticity, increase flexibility, balance and co-ordination, build
strength and enhance function. Physiotherapists also prescribe different assistive devices to
gain higher functionality. Multiple medical and surgical regimens are also instituted to deal
with these physical impairments. Botox injections are most commonly used to reduce spasticity
of the muscles, but the effects are short lived. A variety of surgical techniques are utilized to
correct deformities.

Occupational therapy is focused at therapeutic regimens to improve cognitive abilities of the
child and increase participation in activities of daily and social living. Children with CP most
often present with poor oromotor control and speech disorders, speech therapy aims at
correcting these impairments. Psychiatric and psychological intervention is aimed at patient
and caregiver wellbeing. It helps to improve the quality of life by addressing co-morbid
psychological disturbances and cognitive impairments.

All of the rehabilitative modalities face the fundamental limitation of inability to repair the
damage to the nervous tissue. Some studies have defined minor improvements in motor and
social skills. Wright and Nicholson and Sommerfeld et al have demonstrated that physical
therapy alone does not show a consistent benefit in cerebral palsy. [92]

However, rehabilitation in combination with stem cell therapy may augment its benefits.
Exercise helps in enhancing the cell proliferation and neurogenesis. [93] Increased mobilization
of hematopoietic stem cells and erythropoieticprogrnitor cells (EPCs) to peripheral blood is
observed post exercise. It also increases angiogenesis and oxygen supply to the brain thereby
improving the cognitive function. [94,95,96]. Regular exercise induces suppression of pro-
inflammatory cytokines and up regulation of anti-inflammatory cytokines in various tissues
of the body including brain. [97,98,99] One of the key mechanisms for homing of bone marrow
mononuclear stem cells is the chemokine stromal derived factor -1/ CXCR4+ receptor pathway,
exercise has also been found to up regulate expression of CXCR4+ receptors is ischemic tissue
ensuring enhanced homing of stem cells. In addition, mobilization of stem cells, enhanced
homing, improved angiogenesis exercise also exerts immunomodulatory effects. [97] Benefits
of regular exercise resonate with the cellular mechanisms of stem cell therapy and therefore it
augments the therapeutic potential of stem cell therapy. Exercise and rehabilitation has a
synergistic effect for the benefits of cell transplantation. [100]
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7. Future direction

Stem cell therapy for cerebral palsy still remains in its infant stage. Although cellular therapy
for cerebral palsy has moved from the preclinical studies to bedside therapy; evidence remains
inconclusive regarding multitude of variables. These variables are pertaining to cerebral palsy
and cellular therapy.

Cerebral palsy is a heterogeneous group of disorders. This inherently reduces the generaliza-
bility of the findings. Pre-clinical models of effects of cellular therapy in cerebral palsy are far
from the ideal state and show benefits only in acute injury. Majority of the human application
of stem cells in cerebral palsy is for individuals who already have established pathology, hence
at a chronic stage. Animal models of chronic injury are therefore required to study the efficacy
and mechanism of action of stem cells. The individuals suffering from cerebral palsy are from
various age groups, and present with varied kinds and severities of clinical manifestations;
there is only a limited evidence about which of these groups will benefit the most from cellular
therapy.

Only preliminary evidence using basic research methodologies is available for the effects of
cellular therapy in humans. Various factors limit the methodological robustness of the current
trials. There are limited controlled trials in humans with cerebral palsy. We require more
double blind, randomized, multicenter controlled clinical trials to prove the safety and
feasibility of stem cells. The evidence available is heterogeneous in methodology, patient
population, outcome measures and cellular therapy provided. Stem cells provide their
beneficial effects through numerous mechanisms; it is difficult to underpin the exact mecha-
nism of action of stem cells. Types, sources and numbers of cells administered, frequency of
transplantation, time of transplantation are concerns which require attention imperatively. It
is important to not only conduct more trials but also to standardize research protocols to allow
comparison. Comparative studies will help in establishing the most effective cell based therapy
for cerebral palsy.

Apart from these issues, development and validation of outcome measures to obtain evidence
of the efficacy of intervention is very important. Different scales, monitoring tools need to be
standardized. Modalities should be developed to study the effect of cell transplantation at a
cellular level. Outcomes that can successfully assess these cellular changes are measuring the
serum, plasma and cerebrospinal fluid biomarkers, which are invasive. Less invasive modal-
ities would be functional imaging techniques. PET-CT scan has been used as an outcome to
assess the effects of cellular therapy however it is required to further explore its various
components in depth. fMRI also provides insights regarding the changes at cellular level
however there is no evidence of its use in monitoring the changes post cellular therapy. It is
therefore necessary to explore how functional imaging can provide us a better understanding
of the cellular mechanisms.

8. Conclusion

Stem cell therapy has been extensively studied but still needs to be standardized before it
becomes a definitive treatment modality. Autologous BMMNCs are safe and feasible option



Stem Cell Therapy for Cerebral Palsy — A Novel Option
http://dx.doi.org/10.5772/57152

but their effectiveness needs more clinical trials. Other types of stem cells need to establish
safety and efficacy. Though not a cure, stem cell therapy has emerged as a novel therapeutic
option to improve the quality of life.
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1. Introduction

Cerebral Palsy (CP) is a group of disorders that affect movement and posture, causing activity
limitation to the person who suffers from it. It is caused by a lesion that occurred in the
developing brain, usually before birth but also during or after. Cerebral palsy manifests itself
early in life, during infancy or preschool years with delayed or aberrant motor progress and
itis non-progressive, which means that at the time of the diagnosis, the disturbance that incited
the cephalic lesion is no longer active. At the moment there is no cure for cerebral palsy (Bax
2005).

Cerebral Palsy is a condition which affects approximately 2 out of every 1000 newborns. The
total number of children with cerebral palsy has remained stable since 1970, but at the same
time there has been a consistent rise in the risk of cerebral palsy associated with preterm infants
(Thornhill 2009). Since it was first reported by Little in 1861, it has been widely documented
and it has attracted research interest.

According to the World Health Organization (WHO), more than one billion people of the
world’s population lives with a disability and this number is rising as the population grows,
the increase of chronic health conditions, and the life expectancy becomes higher (World report
on disability, 2011).

There are 3 possibilities to restore function:

* Using remaining muscular pathways as substitute for paralyzed muscles. The use of eye or
hand movement can give control over communication devices.

* Using EMG, above the level of lesion, as control for paralyzed muscles.

* Provide the brain with a new form of communication and control that uses no muscular
paths.
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Despite the motor limitations of the physically disabled, most of the time the brain activity
remains intact. Brain-Computer Interfaces (BCI) are communication devices that translate
signals from the brain or nervous system (e.g. Electroencephalogram (EEG)) into electrical
signals For the control of devices, allowing people to regain some form of control and regain
interaction with the environment (Rao 2010, Wolpaw 2002). Even though, BCIs where initially
developed as assistive devices for people with severe neuromuscular disorders, such as brain
or spinal cord injury, cerebral palsy, muscular dystrophies, multiple sclerosis, and numerous
other conditions; the increasing interest in non-medical application looking for an improved
technology for Human-Computer Interaction (HCI) such as exoskeletons, robot or wheelchair
control, or augmented reality (Lotte 2013), has generated clinical, scientific and commercial
interest in the use of BCI's for an augmentative communication and control technology.

2. Examples of success

Despite, that BCIs have shown their possibility as communication and control device through
spelling devices (Donchin 2000), used as control of prosthesis (Tenore 2008), web browsing
(Mugler 2010), for control in a virtual reality environment (Lotte 2009) and for entertainment
(Rao 2010), there are still more possible applications and room for improvement, using
combined technology (e.g. Hybrid BClIs), improving or creating new classification algorithms,
and better recording technology. In this chapter we give a brief description of the recording
technology, pattern selection, current classification algorithms used for BCI and the state of
the art as well as future technology.

Signal processing

> Feature | Ppattern Control Signal

Extraction Recognition

Control System

Figure 1. Basic components of a BCl. The image illustrates the map between the input and output through the trans-
lating algorithm. Signals are acquired by electrodes and then translated into a control signal for an external device
(e.g. wheelchair, neuroprosthesis or exoskeleton) using a sequence of processing steps.
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3. Evaluation and classification

3.1. Neuromotor examination of neonates and infants

The diagnosis of CP is made largely through clinical observations. The natal history is of vital
importance for the identification of reasons for concern and the determination of the cases
which merit closer monitoring. Failure to meet gross motor milestones is often the initial
concern of parents. Significantly delayed motor milestones, persistence of primitive reflexes,
and abnormal postural reactions are additional reasons for concern and referral to a neurolo-
gist or expertin neurodevelopment for evaluation. Clusters of symptoms or evolving abnormal
movement patterns may be indications of CP and thus should be explored further with
diagnostic instruments.

Instruments like the Hammersmith Neurological Examination (Dubowitz 1999), the Amiel
Tison Neurological Assessment (Tison 2002) or the INFANIB (Infant Neurological Interna-
tional Battery for the Assessment of Neurological Integrity in Infancy) (Ellison 1994) have
proven extremely valuable in the earlier identification of the difficulties that at-risk neonates
and, as a result, a better targeted, early intervention.

These instruments offer a neurological or neuromotor exploration of the neonate and the
infant, assessing the existence of primitive reflexes, the automatic system or any other
involuntary movements, that appear in normal infants and should be integrated by the 9th
month of life. Their persistence past that age is a reflection of abnormalities in terms of control
in the central nervous system and may indicate cerebral palsy. The persistence of primitive
reflexes causes changes in muscle tone and the position of limbs, which makes it interfere with
the development of voluntary motor movements by causing changes in muscle tone and the
position of the limbs. Failure to develop protective reflexes such as the parachute response or
an asymmetrical response is also taken into consideration.

The instruments also take into consideration the age when the infant met the motor milestones
(head control, sitting, voluntary grasp, ability to kick, rolling, crawling, standing and walking)
and may include some items of attention, sensory function or self regulation, as well as muscle
tone and posture are considered.

4. Nature and typology of the motor disorder

Cerebral Palsy is a symptom complex with various types and degrees of motor impairment.
Depending on the area of the brain that has been affected, according to the SCPE (Elison P
2004, SCPE working group 2002) we may identify the predominant motor characteristics of
the condition as of three types: Spastic, dyskinetic and ataxic.

Spastic CP results from defects or damage occurring in the brain's corticospinal pathways, also
described as upper motor neuron damage. Spastic CP accounts for almost 84% of all cases of
CP, with cognitive impairments seen in approximately 30% of the cases with CP (SCPE
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working group 2000, Palisano 1997). Although increased , as well as muscle tone is the
predominant feature observed, hyperreflexia, clonus, extensor Babinski response, and
persistent primitive reflexes are commonly seen.

Dyskinetic and ataxic CP are caused by damage to nerve cells outside of the pyramidal tracts
in the basal ganglia or the cerebellum. Dyskinetic CP is then further divided into athetoid and
dystonic. It accounts for 15% to 20% of all cases of CP, with dyskinetic accounting for 10% to
15% and ataxic approximately 5%. The resulting disability is global with abnormal tone
regulation, postural control, and coordination (SCPE Working Group, Palisano 1997)

It is actually quite common to see many different combinations of types of CP, since this
depends on the area of brain damage; the types overlap very frequently, which can make it
very difficult to precisely label the resulting disability within the typical subtypes. As a result,
when not one type dominates we make reference to a “mixed” category.

5. Functional motor abilities

What is of particular interest for the parents of the children affected is evaluating the functional
consequences of the condition. The Gross Motor Function Classification System (GMFCS)
(Eliasson 2006) was developed as an evaluation tool in order to offer a prognosis or to assess
differences in motor functions after an intervention. It recognizes motor function as dependent
on age due to the expected change of the developing child. It separates clusters of periods (0-2,
2-4, 4-6 and 6-12 years of age).

Degree of Gross Motor Function Manual Ability Classification System
functionality Classification System (GMFCS) (MACS)
Level | Child s ability to walk is not affected Child handles objects easily and

successfully

Level Il Child s ability to walk is slightly affected Child handles objects with somewhat
reduced quality

Level Il Child walks with assistive device Child handles objects with difficulty
Level IV Limited self-mobility with assistive device Child handles only a few, adapted objects
Level V No self-mobility Child cannot handle objects

Table 1. Classification of gross motor function and manual ability in children with cerebral palsy.

In this chapter we have cited the classification of a child’s gross motor function between 6 and
12 years of age, which is divided into five levels, based on functional mobility or activity
limitation. Particular emphasis is made on the function of sitting and walking. Children in
level I are the most independent (motor function) and children in Level V are the least
according to the Gross Motor Function Classification System for Cerebral Palsy.



Brain Computer Interfaces for Cerebral Palsy
http://dx.doi.org/10.5772/57084

The Manual Ability Classification System for Children with Cerebral Palsy (MACS) (Bottcher
2010) is widely used to evaluate and classify how children with cerebral palsy use their hands
to handle objects in daily activities. Like the Gross Motor Function Classification System,
MACS describes five levels. The levels are based on the children’s self-initiated ability to handle
objects and their need for assistance or adaptation to perform manual activities in everyday
life.

6. Accompanying impairments

A child with cerebral palsy often has other conditions related to developmental brain abnor-
malities, such as intellectual disabilities. Almost 50% of children with CP have an average
intelligence, 20% have an intelligence slightly lower than average (borderline intelligence). The
rest 30% its not mentioned if its more inteligent or not than average. Most patients that have
spastic tetraparetic, discinetic and ataxic have a severe mental discapacity (SCPE Working
Group 2002)

There have been studies that prove that children with CP with average intelligence have
attentional deficits or problems with the executive functions, which may partially account for
the behavioral problems that sometimes present. (Guzzetta 2001) They might have deficits in
visioperceptive functioning. The child has difficulties recognizing the spatial relations between
objects, as well as between objects and his own body. This results frequently in a constructive
dyspraxia. The saccadic movement of the eye to focus on an object that appears periferically
at the previous point of focus are slow and dyspraxic, which constitutes an added difficulty
in order to achieve the perceptive integration. The proprioceptive-visual integration of the
parietal lobe is necessary in order to orient the movements and postures of the upper limbs to
reach for and manipulate the surrounding objects and starting the proceeding automatic
movement that experience and repetition offers. These deficits are completely independent
from the vision problems that may coexist (Guzzetta 2001).

Language problems are also common and their severity depends on the timing that the lesion
took place, in the prelinguistic period or later, when the linguistic function has already started
to form.

7. Implications for everyday life

Although there are many compelling reasons to give the diagnosis as early as possible (parents
frustration of handling a child with abnormal tone such as feeding, sleep, and temperament
problems, plan in advance for long-term treatments and management options that may be
needed by the child, possible increased insurance benefits and in some cases federal assistance,
benefits that come from an early intervention) the diagnosis should not be formally made until
the second year of age. For the SCPE in Europe minimum age of 4 years old is required to make

249
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a diagnosis so that transitory alterations of neurodevelopment or degenerative diseases may
not be confused with CP (SCPE Working Group 2002).

The diagnosis has an impact on the life of the family and, of course, the child. The major issue
of concern is, for most parents, walking. Once confronted with the diagnosis, the first question
that parents ask their child’s health care specialist if the child is going to walk. Children will
CP will experience some degree of difficulty with movement. This can range from problems
like clumsiness that does not disrupt everyday life activities all the way to difficulties with
walking. The child may move slowly, may need to use a walking aid or a wheelchair.

Simple activities like dressing, bathing, eating can be a real challenge to the child with CP and
their family. The activities can take longer, especially if the child needs more assistance,
physical help or specialized equipment.

Language problems are common among children with CP. Children may have difficulties with
both verbal and non verbal aspects of language. The expression and understanding of the
formal aspects of language can be affected (for example articulation or denomination) which
may eventually lead to problems with reading and writing or even interfere with the child’s
ability to communicate verbally. The other aspect of language that can be impaired is prag-
matics, which refers to the ability to place words in the context of one’s own mind and the
interlocutor’s, which creates problems in the child’s social adjustment.

8. Attentional processes

The aim is for every child with CP to achieve their potential. Depending on the child’s
individual characteristics decisions must be taken that will determine whether he would
benefit more from mainstream placement in a school or from a placement in a more specialized
environment that could tend to his needs.

In order for the interface to be able to read the brain signal, the child needs to be focused. Not
always is it possible for all children to emit a signal strong enough so that it can be captured
by the interface. The emission of a strong signal depends on the attention of the child which
can be negatively affected by a variety of factors which have no relation with the interface but
which affect its ability to read the brain signals.

The attention of the child can be hindered by three main factors which are at constant interplay
and affect the prefrontal cortex and the ability of the child to focus on a particular task. The
three main factors are:

a. Cognitive
b. Emotional
c¢. Behavioral

Although the cognitive function of children with CP has not been systematically studied, and
more research is needed, there is evidence suggesting that children with CP and normal
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intelligence present impairments in executive functions. Executive functions are the brain
functions that regulate and control impulse, anticipate consequences, put attention, regulate
emotion, allow flexibility, plan and monitor results. Executive functions are highly fragile
because they are the last cognitive area to mature. They involve the prefrontal cortex and they
rely on an extensive interconnectivity with other parts of the brain. Damage to that area results
in slower information processing, and a decrementation in sustained attention performance,
which is necessary for the reading of the signal by the interface (Guzzetta 2001).

In the case of an intellectual disability, which as we have seen affects almost half of the children
with CP, we cannot speak of attention problems. The degree of cognitive impairment is such
that the attention processes cannot reach the required level so that it can be captured by the
interface.

The attentional processes are also going to be affected by the emotional problems that the child
may be experiencing (Parkes 2008). This is also an issue that has not been researched but there
is enough evidence to suggest that children with CP, like children with some sort of a disability
in general, are more likely to suffer from depression, anxiety and low self esteem. This is
associated with the severity and visibility of the condition, which affects the child’s ability to
control his own body and the way his peers may perceive him as being different from them.
(McDermott 1996) The lack of social support, the anxiety of the parents, the child’s inability to
use words to express his emotions are all factors that put the child at increased risk to experi-
ence emotional problems. Emotional problems hinder the ability of a child to focus and pay
enough attention so as to send a strong signal to the interface.

Bottom of Form

Children with CP have behavioral problems like being defiant and disobedient. The behavior
problems reported by parents were 5 times more likely in children with cerebral palsy
compared with children having no known health problems. Behavioral problem are associated
with some kind of combination of the impairment, the environment and interpersonal
relationships. Damage to the prefrontal cortex affects, as we have seen, cognitive flexibility,
the abilities for strategic planning, tolerance to frustration, behavioral inhibition (hyperactiv-
ity-impulsivity) as well as the associated impairment of inattention. The child that has trouble
maintaining his attention on the signal is more likely to refuse to try or abandon the task.

It is important to mention epilepsy as one of the factors that cause behavior and attention
difficulties in children with cerebral palsy.

Epilepsy affects 7 to 50% children with cerebral palsy. Epilepsy, in itself, takes away part of
the vitality of the brain, with the frequent crises affecting the cognitive abilities of the child.
Behavior and attention difficulties are highly common in children with cerebral palsy who
have epilepsy. Furthermore, the crises are frequently a motive for the child to stop receiving
education. Medical treatment for epilepsy can be helpful, keeping in mind that although
antiepileptic drugs may impair the cognitive functions of the child, with the careful monitoring
of the physician and the new medical intervention, this side effect would be very infrequent.
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9. Communication system

There are some limits that can be solved using the brain activity. This activity allows the
communication between the processor and the person.

9.1. Brain signals

Through the recording and processing of direct brain electrical activity via signal processing
and machine learning algorithms, BCIs enables communication and control to assistive
devices. Although the aim of a BCI is to identify and translate brain electrical signals into
commands, it is not a thought-reading device or systems able to literally translate arbitrary
cognitive activities. BCIs are design for translation of well characterized a priori defined brain
activity patterns through the use of machine learning techniques and patterns recognition
methods into commands.

Considered as a control system, a BCI has an input (e.g. EEG), an output (e.g. control signal),
and components that translate input into output, a protocol that determines the timing
operation and in some cases some feedback is provided to the user (Figure 1.).

Figure 2. Exemplification on EEG (a), ECoG (b) and Single-neuron recording (c) electrode placement over the head

9.2. Functional neuroimaging

Invasively or noninvasively brain activity is recorded either from recording electrical activity
through electrodes (EEG, Electrocorticography (ECoG) or from single-neuron recordings
within the brain), recording magnetic fields using magnetoencephalography (MEG)), or
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recording metabolic activity reflected in changes in blood flow (positron emission tomography
(PET), functional magnetic resonance imaging (fMRI) and functional Near Infrared (fNIR)).
Despite the fact that MEG, PET, fMRI and fNIR have shown success for BCI applications these
techniques are still technically demanding and expensive technologies that require sophisti-
cated equipment that can be operated only in special facilities. Furthermore, PET, fMRI and
fNIR techniques depend on metabolic processes, such as blood flow, having long latencies and
thus less suitable for the control of BCls.

On the other hand, the non-invasive EEG and the invasive ECoG and single neuron recordings
(Figure 2.), are methods that have relative low costs, are simpler to use and have higher
temporal resolutions, making them more practical to the use with BClIs.

Invasive techniques such single-neuron recording and ECoG take recordings over the cortex;
while single-neuron recording records the activity within the cortex, ECoG records the activity
over the cortical surface of the brain. Single-neuron recordings and ECoG does not record
single neuron activity but records activities over small regions of the brain giving them a high
spatial resolution, and as it is implanted directly over the cortex, they have a high bandwidth,
high SNR and high amplitude. Since ECoG electrodes do not penetrate the cortex, recorded
signals are also not subjected as heavily to immune response, possess lower risk to implant as
well. Furthermore, maintaining long term reliable recording with implantable electrodes is
difficult.

Although, ECoG has a higher spatial resolution compared to EEG (i.e. 1.25 - 1.4mm vs
centimeters) higher frequency bandwidth ([19, 11] (i.e. 0-500Hz vs. 0-40Hz), have higher signal
amplitude (50 — 100V maximum vs. 10 — 20uV maximum), and being less susceptible to
artifacts (i.e. EMG, EOG or electrical devices), EEG has become the most common source for
brain activity due to its none invasiveness (requiring no craniotomy (surgical incision of the
skull)), being more practical for everyday situations. EEG measures the potential over the
scalp, reflecting the collective activity over large population of neurons located underneath
the sensor position.

9.3. Recording and processing

Brain signal recordings, like EEG or ECoG, are obtained with electrodes attach from the surface
of the skull or to the surface of the brain measuring difference over the potential that reflect
the activity within the brain. The electrodes are connected to biosignal amplifier where they
are amplified and go through an analog-digital conversion. These signals are sent to the signal
processing system that is in charge to perform the feature extraction and classification. Finally,
a signal will be send to the control system as final output. The BCI can be design to present
feedback that is beneficial to learn the BCI control faster.

The electrodes measure a difference in potential (i.e. the voltage) between two electrodes. The
difference in potential reflects neural activity below the electrode. There are different EEG
electrode montages. Usual EEG recordings use unipolar montage rather than bipolar electro-
des, meaning that they use a common reference for all electrodes. A ground is added to keep
the voltage levels close to the amplifier ground voltage level. The reference and ground can
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be positioned everywhere within the array of electrodes, but they are normally placed either
over the ear or the mastoids (the temporal bone behind the ear). There also exist a bipolar and
Laplacian montage that each electrode represents the difference between the electrode and its
surrounding electrodes (see Figure 3).

EEG recordings electrodes usually use small metal plates made out of gold or Ag/AgCl.
Alternative materials such as Tin have been used, but they present drifting noise below 1HZ,
making them unsuitable for some applications, such as Slow Cortical Potentials. The electrodes
could be either passive or active (i.e. pre-amplified with gain 1-10) disks that are connected
through a cable to the biosignal amplifier. Active electrodes are less susceptible to environ-
mental noise, and can work with higher skin impedance than passive electrodes. There exist
also dry and wet electrodes. As the dry electrodes normally use an array of pins to go through
the hair have contact with the skin, the wet electrodes use a gel that reduces the impedance
and make a better connection to the skin. Even though dry electrodes have the advantage that
require less preparation and cleaning time (not requiring conductive gel) and They are proven
to be an alternative for EEG recordings (Zander 2002), More in-depth research is necessary for
their successful dailybased application. daily-base application.

Figure 3. Examples of non-invasive BCl, with visual stimuli and virtual control of ball movement

9.3.1. Electrode distribution

The standard EEG electrodes naming and position on the scalp are according to the interna-
tional 10-20 electrode system (Jasper 1958). The system ensures that different laboratories share
the same names over electrode positioning. It is based on arcs dividing the scalp in an array,
using the Nasion and Inion as longitudinal reference points (i.e. front and back respectively)
and the left and right Pre-Auricular points as lateral reference points (Figure 4a.). The inter-
section between the longitudinal line and the lateral is called the Vertex, and at this point it is
located over the center. The 10-20 system identify each point using each lobe (Frontal-F,
Temporal-T, Central-C, Parietal-P and Occipital-O) and each hemisphere (Left-Odd, Right-
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Even numbers and z or zero over the midline) as a marking. An extension to this configuration
is using 70 electrodes (Figure 4b.), subdividing in between the 10-20 arcs (using the combina-
tions of the letters for reference). In addition, the letters A and Fp are used to identify the
earlobes and frontal polar sites respectively’. The electrode can either be placed directly over
the scalp, Which requires practice and is time consuming. A second technique is using caps,
Which already have the marking of the electrodes and their position, some even have the
electrodes pre-mounted making them easier to work with. These caps come in different sizes
and can be adjusted to different persons.

Currently electrode caps are mainly intended to be used in alaboratory environment, therefore
being expensive, the electrode and cap placement is difficult and need special preparation,
making them not practical for an everyday use. Current commercial caps, such as the Emotive
Epoc, they present an alternative for an everyday use being more economically accessible, they
have the drawback that they use wet electrodes that dry quickly, and they are difficult to
position and remain stable, which is problematic as it gives a high variance over recordings,
as well as the same recording, and they are not possible to use in a different configuration. For
the remaining of this section we will only focus on laboratory caps and EEG recording, as these
are the most commonly used for BCI.

a) Scalp references b)10-20 Hectrode Montage

Figure 4. EEG Electrode Montage (Jasper 1958)

9.3.2. Artifacts

Since EEG is further away from the neurons it has low spatial resolution and very noisy
overview of ongoing brain activity. There are mainly two sources of noise while performing
EEG recordings: Environment and Physiological artifacts.

Environment artifacts: Electrical power lines and/or surrounding electrical equipment become
a problem while recording EEG. Their frequencies can overlap with the EEG feature the

1 There is also the AF marking the subdivision in between the Frontal and Frontal polar site
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classification algorithm is working on. For laboratory settings these artifacts are normally
solved by using some isolation from environmental signals, avoiding the interference with
EEG recordings. A notch pass filter over the frequency over the power line (50 or 60 Hz for
America or Europe recordings respectively) may also be applied suppressing signals in a
narrow band.

Physiological artifacts: Although, muscle activation, eye movement or eye blinking can serve
as communication signals for HCI, they can mask EEG frequencies and mislead researchers
by mimicking EEG-based control and/or hide EEG features. Some EEG recording incorporate
these signals as either control signals, or they used to filter the desired signal. A different way
of control is to remove the EEG recordings that have been contaminated by artifacts, leaving
only the trials that were not contaminated for the training of the classifier.

9.4. BCI signal processing

To design a BCI, we need to decide on the type of signal, the location, the desired feature and
the appropriate classification technique.. In this section a description of the different types of
signals, the different types of feature extraction that has been used, and finally a brief descrip-
tion of the different machine learning algorithms available is presented.

9.5. Evoked potentials and oscillatory activity patterns

The two major types of EEG signals used in BCI are Evoked Potentials (EPs) and changes in
the spontaneous oscillatory EEG activity, also known as event-related desynchronization
(ERD), and event-related synchronization (ERS) (Pfurtscheller 1999(2)).

EPs are electrical potential shifts that are time-locked to perceptual events, such as a rare visual
or audio stimulus. Time-locked implying here that the time between the event and the time
potential shift is approximately constant. Due to its low Signal-to-Noise Ratio (SNR) are
typically analyzed by averaging EEG data over time beginning of the perceptual event for
duration over 1s. There are different types of EPs based on the source of stimulus (e.g. visual,
auditory or tactile)

On the other hand, oscillatory activity can be voluntary induced by the user (e.g. imagination
of kinesthetic body movement, aka motor imagery, Neuper 2005). Such imagery usually
generates a decrease or increase in power in a particular frequency band (ERD or ERS (ERDS)
respectively). ERS are normally associated with an ERD appearing either after the termination
of the movement or simultaneously to the ERD, but in other areas of the cortex. Although,
Oscillatory patterns detection is less robust and reliable compare to EP, which as synchronous
signal (i.e. knowing its time and shape) requires little adaptation and its detection is robust,
as an asynchronous BCI it allows the user to send information at their own pace, unlike
synchronous BClIs that require to follow the cues or prompts from the system.

Figure 5illustrates the use of EP and ERDS for achieving brain-computer interaction in physical
and virtual environment.
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Figure 5. Examples of evoke potentials with either lights or screen squares flickering at different frequencies

9.6. BCI control commands

Within these two ways of brain signal extraction there are four main strategies to consider for
input at a BCI system. extraction there exist mainly 4 common strategies are considered for
input of a BCI system, a) Motor imaginary. b) Slow Cortical Potentials, c) the P300 wave of
visual evoke potentials, and d) Steady State Visual Evoked Potential (SSVEP)

9.6.1. Motor imaginary

It is believed that the mechanisms of brain operations are characterized by groups of neurons
synchronizing themselves to a certain physiological frequency (Engel 2001). These oscillations
has been divided into different frequency bands and are referred as brain rhythms (Delta [0.1
- 4Hz], Theta [4 - 7Hz], Alpha [8 - 12Hz], Mu [8 - 13Hz]? Beta [12 - 30Hz], Gamma wave [30
- 100Hz] Figure 5a.). Movements are normally accompanied by changes of the Mu and Beta
rhythm over the motor/sensory cortical areas (see Figure 5b.). For example movements of the
hand are associated with decrease of power (or desynchronization) over the Mu rhythms and
associated with a decrease over the Beta rhythm, particularly contralateral to the movement.
The same effect occur with motor imagery (Neuper 2005), making the Mu/Beta rhythm as base
for a BCIL. The most common approach used for classification is to calculate the bandpower in
a specific frequency band and then use discrimination via some machine learning technique
(e.g. Fisher linear discriminant analysis).

9.6.2. Slow cortical potentials

Slow cortical potentials (SCPs) are slow voltage changes generated over the cortex. These
changes in potential occur over 0.5-10s. These potentials can be divided in Negative SCPs,

2 Although the Alpha and Mu rhythm occur over the same frequency, one is located over the resting visual cortex at the
back of the scalp, while the second is found over the motor cortex
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typically associated with movement and other typical cortical activation, and Positive SCPs
that is associated with a reduce cortical activation, the viability of the use of SCPs that after a
period of learning user has gain control selecting words or pictograms from a computerized
language (Birbaumer 2000) or used with patients Suffering from a locked-in condition such as
amyotrophic lateral sclerosis (ALS) (Kiibler 1999). The drawback of using SCPs is that It
requires a long training process that allows the user to gain control, a normal training can go
for several weeks or even months. The normal training for a SCP based BCI users first learn
to move a cursor vertically on a monitor selecting targets at the top or the bottom of the screen.
Next, a split keyboard into two where an area is selected, the selected characters are once more
split into two and once more selected, and this is done until the final choice is made.

Central Sulcus

Frequency Bands

Alpha(z) Theta() Delta(s)

2

: ""‘WMNAW'\M S 8 -
L‘-“ "

& :

@ ; ; i i ) . =

£ ' Primary Primary

g Motor cortex Sum:::::::,w

Co 02 04 06 08 ]

a) BEEG Rhvthms b)Motor and somatosensory

Figure 6. Example of different types of normal EEG rhythms (Lotte 2009) and Primary Motor and somatosensory corti-
cal homunculus

9.6.3. The P300 wave of visual evoke potentials

The P300 (P3) wave of visual evoke potentials (henceforth referred only as P300) is a positive
wave that appears 300ms after a stimulus is presented (Figure 7a.). It was first described by
Sutton (Sutton 1965). The most known paradigm for P300 is the one described by Farwell-
Donchin 1988, where characters and numbers are represented in a six by six grid (Figure 7b.)
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where the rows and columns are repeatedly flashed and when the character containing the
chosen character is flashed a P300 is evoked. These characters (number or letters) can be
replaced with different symbols and used not only as spelling device, but for navigation or for
control tasks, using symbols as arrows or object selection. P300 can be used as a lie detector,
providing certain stimuli (e.g. picture, phrase or word related to the lie) that P300 is generated
if the subject has knowledge of the stimuli presented (Farwell 2001, Farwell 2012).

As a normal procedure, the P300 of different repetitions are averaged, to reduce the effect of
artifacts, or the presence of different mental activity that could masked the ongoing P300.
Different features and classification techniques (e.g. Linear Discriminant Analysis or Support-
ed vector machines, Krusienski 2006) has been used for P300 based systems, these techniques
will be described in a following section.

P300

Voltage

::w = Target
: —Mon-Target|

Time{ms)

a) P300 Wave b) P300 paradigm

Figure 7. P300 wave and the classical P300 spelling paradigm described by Farwell-Donchin 1988. Figure 6a show a
change of potential occur approximately 300ms after the stimulus is presented (Picture adapted from Scherer 2013).
In Figure 6b shows the classical spelling paradigm, where a P300 potential is generated if either the row or column
flashes over the letter desired.

9.6.4. Steady State Visual Evoked Potential

Steady State Visual Evoked Potential (SSVEP) are brain responses to visual stimulus (e.g.
flickering LEDs or phase-reversing checkerboards), flashing at constant frequencies between
approximately 6 - 100Hz. SSVEP is a frequency-locked signal that manifests itself as an increase
of the EEG amplitude of the stimulated frequency over the occipital lobe. Classification of
SSVEP is done either using FFT-spectrum analysis or by the use of canonical correlation
analysis (CCA) or finally by using of the minimal energy approach.

SSVEP have shown to be independent to eye movement, making them a good alternative for
people with well preserve eye acuity but are incapable to moving their eyes (Brendan 2008).
Some drawbacks while using SSVEP is that if a computer screen is used only frequencies that
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entire division over its base refresh rate (e.g. a 60Hz screen only 30, 20, 15, 12, 10 or lower are
possible). A second drawback is that SSVEP are usually developed with a short number of
flickering channels trying to avoid distraction and hence lower performance.

9.7. Feature extraction

Even though the amount of electrodes, the number of tasks performed, the high sample
frequency required, the classes and the different patterns make that the amount of data
recorded large, the normal training data set is short. Identifying, Selecting and extracting the
relevant properties or features of the signals that better describe the EEG signals are essential
steps in the design of a BCL The correct selection of the features is crucial, if the features
extracted from EEG are not relevant and do not accurately describe the EEG signals employed,
the classification algorithm will have trouble selecting the class or label the user intended. The
feature extraction could be divided in two main groups: temporal and frequential methods, a
third group can be added as hybrid between temporal and frequency techniques.

9.7.1. Temporal methods

Features that present a time dependent variation can be treated using a temporal method. The
changes can be as the ones that occur on P300 wave, which depend of the flashing of the selected
command to 300ms later to be generated. The main temporal methods are the parametric
models (e.g. AR or AAR) modeled the signal using a weighted sum of values, the Hjorth
parameters that describe the dynamics of the signal by the use of three measures (activity,
mobility and complexity) and finally the signal amplitude method that concatenates the
electrodes amplitude into a feature vector thatis used as input into the classification algorithm.

9.7.2. Frequency methods

The different oscillations or rhythms that characterize the EEG signals present variations while
performing a mental task (e.g. motor imagery) or with a steady state evoked potential that a
change in the oscillation is highly related to the stimulus frequency. Frequency methods are
commonly used for the ease of application and computational speed. The most commonly
used methods are power spectral densities and band powers. The third method uses a feature
that can be located both in time and frequency domain. This method uses the Short Time
Fourier Transform or the Wavelet transform to have a time-frequency representation of the
signal.

9.8. Classification techniques

After the features have been selected the next step is to translate them into a command. This
translation can use regression/classification methods. There are different classification
methods and they can be divided using their classifier properties into: Linear classifiers, neural
networks, non-linear Bayesian classifiers, nearest neighbor classifiers and combinations of
classifiers (Lotte 2007).
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9.8.1. Linear classifiers

Linear classifiers are discriminant algorithms that use linear functions to separate between
classes. The most common used for BCI are Linear Discriminant Analysis (also known as
Fisher’'s LDA) and supported vector machines. These two methods separate the data using
hyperplanes, for two-classes they are divided depending on the side of the hyperplane they
arelocated (see Figure 8.). For LDA and SVM the popular method to solve a multiclass situation
(N-number of classes) is selecting a class and separating it from the rest, this technique is
referred “One Versus the Rest” (Schlégl 2005). This technique is very computational efficient
and suitable for online classification. One drawback of LDA is when it deals with complex
nonlinear EEG data (Garcia 2003). Even though SVM is originally linearly, it can be expanded
using the “kernel trick”. The trick consists of mapping the data into another space, using a
kernel function. For BCI usually the Gaussian or radial basis function K(x,y)=exp[-| Ix-y I/
(20 2)]. This trick gives a better generalization, but has lower speed execution (Lotte 2007).
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Figure 8. LDA and SVM hyperplanes that separate between two classes (circles and crosses).

LDA has been used for motor imagery (Pfurtscheller 1999), for a multiclass asynchronous
motor imagery (Scherer 2004), as well as for P300 (Congedo 2006).

9.8.2. Neural networks

The second most used for classification method for BCI is using Neural Networks (NN). NN
are non-linear classifiers that use assembly of neurons to produce the boundaries. The most
used technique is the Multilayer Perceptron (Bishop 1995), that uses an input layer where the
features are inserted, some hidden layers for processing and finally an output that defines the
class (Figure 9.). Even though NNs can adapt to any number of classes and composed with
enough neurons they can approximate any function, they are susceptible to over training and
noise (Bishop 1995).
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A conventional feed-forward artificial neural network (ANN’s) is a system constructed by a
finite number of basic elements called neurons, which are grouped in layers. Every neuron is
highly interconnected in the whole topology; the structure has a number of inputs and outputs
that depends on the system that will be approximated.

A neuron is the basic element in an artificial neural network that simulates biological neurons
which receives electrical impulses which are received through its dendrites, from other
neuron’s axons. Those electrical impulses are added in order to have a final potential. This
potential must exceed a certain level to have the neuron generate an electrical impulse on its
axon. If the level required is not met, then the axon of that neuron doesn’t fire its axon. Neurons
can be divided as: dendrites which are channels of input signals, core cell that processes all
these signals and axons that transmit output signals of the processed information came from
dendrites.

The ANN's are applied to approximate normally a non-linear system as universal approxi-
mations. The first step to design an ANN's is to train the neural network in order to fix the
interconnection namely weights which are between the neurons. The training process can take
a lot of time in the case of the back-propagation algorithm. After training the ANN's the
response could show a high-quality behavior, when a new input signals is presented to the
system.

In other words the ANN's could generalize any input signal. These ANN’s mimic the human
brain, on the basic process of learning and generalization. Normally the process of training the
ANN's is slow and defining the correct topology could be complicated. The main advantages
of artificial neural networks are:

* Ability to generalize and learn.

* Acquire knowledge from internal and external parameters.

* Ability to learn from examples and adapt to situations based on its findings.

* Generalization of knowledge to Production of adequate responses to unknown situations.

* Artificial neural networks solve complex problems that are difficult to manage by approx-
imation.

* Produce linear or non-linear relationships
¢ Fault Tolerance

An extension to this technique is the Restricted Boltzmann Machines (RBM) that have a
bidirectional connection between the layers (see Figure 9b.), this quality allows the RBMs to
be train as normal NN and retrained using back propagation (Hinton 1986). Success of NN
can be seen in (Kalcer 1993, Pfurtscheller 1996,

Hsu 2012) while for RBM in (Balderas 2011).
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9.8.3. Non-linear Bayesian classifiers

There are mainly types Bayesian classifiers used for BCI systems: Bayes quadratic and Hidden
Markov Models (HMM). Both these classifiers produce nonlinear decision boundaries.
Furthermore, they are generative, which allows them to reject uncertain samples more
efficiently than discriminative classifiers (Lotte 2007). While Bayesian assign the class to the
feature vector with the highest probability, HMM is probabilistic automaton that can provide
the probability of observing a given sequence of feature vectors (Rabiner 1989, Lotte 2007).
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Figure 9. Neural Networks architectures having Multilayer Perceptron and RBM

9.8.4. Nearest Neighbor classifiers

Nearest Neighbor classifiers are also used in BCIs with the k Nearest Neighbor (kNN) and
Mahalanobis Distance (MDist) as preferred Nearest Neighbor classifier methods. kNN assign
to an unseen point the dominant class among its kNN within the training set. KNN algorithms
are sensitive to the curse of dimensionality making them fail in several BCI experiments,
however they may perform efficiently with low-dimensional feature vectors (Lotte 2007).
Mahalanobis Dististance based classifiers use Mahalanobis distance to assign a class to a
feature vector to the nearest prototype. Mahalanobis Distance has been used to detect motor
imagery of the hand giving accuracies over the 80% (Ming 2009).

9.8.5. Combinations of classifiers

Combinations of classifiers are proposed trying to reduce the variance and thus increase
classification accuracy. Voting, Boosting, Stacking and Random subspaces. Voting consists of
assign different classifiers the input feature vector and select the class with the higher majority
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of votes (hence the name). Boosting uses several classifiers in cascade where the errors
committed by previous classifier are focus by each classifier. Stacking uses several classifiers
(level-0 classifiers) running through the input vector. The output of the different classifiers is
then use as input vector for a meta-classifier (or level-1 classifier) which is responsible for the
final decision. Lastly Random subspaces uses subsets of the original feature vector as training
set for different classifiers and the final decision is made by majority voting.

9.9. State of the art

The design of a BCI comes with two major challenges, the non-stationary and inherent
variability of the EEG signals. Data from the same experimental paradigm but recorded at
different instances are likely to exhibit differences due to; for instance; shift of the electrodes
positions between sessions or changes in the sensor mechanical properties of the electrodes
(e.g. change in the impedances). Adding to this problem the noisy nonlinear superposition of
the measured EEG activity can mask underlying neural patterns and hamper their detection.
The user current mentally state (e.g. due to tiredness, workload or stress) may impact in the
ability to focus and generate specific mental events. Due to these factors, statistical signal
processing and machine learning techniques play a crucial role in recognizing EEG patterns
and translating them into control signals.

9.10. Co-adaptive training

A normal training of a BCI uses information from a first or previous sessions EEG recordings
are used to pre-train the pattern recognition algorithms for classification or regression. On a
posterior session user uses the trained algorithm for control. One of the drawbacks is that the
variability of brain activity requires that the system is robust enough to handle the changes.
Adding to this, the high adaptability of the brain gives the problem on how much has to be
relegated for the system and how much left for the brain. It has been shown that using invasive
over single neuron or a population of neurons the can rapidly learn to generate an appropriate
pattern for a fix task. The same adaptation using EEG could take months to have a similar level
of performance (Kiibler 1999). Adding to this normal neuromuscular activity depends of
feedback to have a successful control. A strategy to improve the control over the BCI system
has to have a control that uses feedback. A good strategy is to use co-adaptive training, with
a self-optimizing pattern detector and user adaptation, using new data to update the system.
So new data is collected in different session and used to update the classifier to user’s most
recent brain patterns. Feedback can be provided during the new session to helping to generate
more distinct EEG patterns, which increases detection performance. An Online adaptation can
be included to provide a faster update of the training parameters and have a faster co-
adaptation.

9.11. Hybrid BCI

There exists almost no reason why different technology could be combined, combining
different patterns (e.g. EP and motor imaging) or different recording technology, combining
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invasive and non-invasive, or using different electrophysiological signals with the combina-
tion of BCI technologies.

9.12. HCI recording

A case study was made using a commercial HCI, the amplifier Emotiv EPOC, which can record
EEG signals as well as movement from the head with an incorporated gyroscope. The interface
was created using the amplifier gyroscope signals as control for the displacement and the
direction for an electric wheelchair (see Figure 10.).

Figure 10. Example of the control with the movements of the head, translated with a gyroscope into the control of an
electric wheelchair.

The gyroscope counts with two rotation axes that were used for displacement and turn. Also
the velocity of displacement and turn was control depending on the amount of rotation the
gyroscopes detect from the movement of the head.

The wheelchair counts with the displacement control of the two back wheels, giving it advance
and turn control. This control was adapted to be controlled directly from a DAQ that has a
direct interface with Labview.

9.13. Methodology

The case study was divided in three areas: Signal acquisition, Signal processing, and control
signal (Figure 11.). For the signal acquisition we use the amplifier driver connected with
Simulink (Matlab). Both signals were filtered and amplified using the rotation left-right for the
turn and the rotation frontal-backward for forward or backward motion. The online process
was done in the same interface that was used for recording in Simulink (Figure 12a.), which
finally send the signals to Labview using a UDP protocol. Labview was finally in charge of the
control signal (Figure 12b.) that had control over the wheelchair wheels.
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The control was first tested on a free environment and later on a simple maze (Figure 13.).
Testing the manageability to make turns and understand the commands.

(a) Test 1 - (b) Test 2

Figure 13. Interfaces de Matlab-Simulink y Labview

10. Conclusion

Even though the control with the Emotiv EPOC was limited, the viability of developing an
HCI was shown using the gyroscope signals as control signals for a wheelchair.
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1. Introduction

Cerebral Palsy (CP) is a continuous but non-progressive motion/posture, motor function
disorder resulting from a lesion in the developing brain primarily damaging the areas
responsible for the postural control, affecting 2.1/1000 live births [1, 2]. That is the most
common cause of physical disability in the early childhood period and a serious disorder also
affecting the family, and the child’s education and social life [3]. Recent researches, finding an
accepted international definition of CP have been somewhat a challenge, but the proposed
prevailing international definition [3-5]. In the last decade, the International Classification of
Functioning, Disability and Health “ICF” developed by The World Health Organization
constituted a new defining to understand CP and to think about intervention possibilities for
clinicians, researchers as well as families [6, 7].

ICF is the transition from an “outcome of disease” classification to a “components of health”
classification. This system, which aims to develop a common language and framework among
health professionals considering above-mentioned multidisciplinary approach and commu-
nication, has rapidly become a focus worldwide. ICF is a system that classifies health and
health-related fields. These fields are divided into two parts as the body, and the individual
and social perspective: “body functions” and “body structures” form the first group, and the
“activity and participation” field forms the second group. In recent literature, assessment tools,
intervention techniques and researches outcomes are investigated in according to the dimen-
sions (ICF): body function (e.g. physiological, psychological); structures (e.g. anatomical);
activities (tasks); and participation (life roles). Thus, this “bio psychosocial” model of disability
encourages a more holistic approach to rehabilitation (Figure I) [6]. “ICF Classification” for
children with CP is a beneficial system that can be used in the formulation of problems in
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different areas, to build a bridge between professionals themselves and with the family. ICF

Health Conditions
(Cerebral Palsy)
N

\ 4 Y \ 4
Body Functions and Activity Participation
Structures (Limitations) (Restrictions)

(Impairments)
N N
\ 4 \ 4
Personal Factors Environmental Factors

Figure 1. ICF bio psychosocial model

When viewed from ICF aspect, CP affect on a child’s “functioning” (including of body
structures [e.g. limbs, eyes], body functions [e.g. sensory, neuromusculoskeletal and mental
functions], activities [e.g. walking, writing, learning] and participation [e.g. playing sport,
going to concert] and besides that personal [e.g. motivation, anxiety, toleration, age, gender]
and environmental factors [e.g. architectural accessibility, policies, physical accessibility of
cultural, athletic or recreational centers] influence independence of CP children in their daily
life and leisure activities. Moreover, CP may cause “disabilities”, such as impairment, activity
limitations and participation restrictions [9, 10]. Beckung et al. have investigated activity
limitations and participation restrictions with gross and fine motor functions under the
mobility, education and social relationship sub-headings proposed by ICF in children with
CP. They indicated that effect of a child’s impairment or activity limitation on participation
might vary depending on environmental factors [11].

At first, most clinicians and researchers thought that CP is primarily a movement disorder but
recently it is an umbrella term used to define a group of permanent conditions, indicating that
there is heterogeneity in these conditions such as visual, cognition, perceptual and/or behavior,
sensation problems and learning disabilities [12]. Neural disorders such as spasticity, co
activation of agonist-antagonist muscles, muscle weakness, lack of selective motor control and
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restriction of normal joint movement and knee pain affect gross and fine motor functions in
CP [9]. Many children with CP may never attain the abilities of their peers who are typically
developing or lose some of them with growing [13]. There are many potential problems
children with CP and these influence complexity of therapy planning and execution.

In CP treatment, the rehabilitation modalities are considerably wide including conventional
interventions and new rehabilitation techniques. Medical and surgical approaches, physio-
therapy, ergotherapy, speech therapy, orthoses and other supportive devices, recreational
activities, school and education adaptation and psychological support can be considered in
these modalities. The main aims of the rehabilitation in CP are to help the child achieve the
highest possible physical, cognitive, psychological and social independence level within
his/her physiological and anatomical deficiencies and environmental limitation, to reduce the
effects of physical disorder to minimum, to improve the independence in daily life activities
and social life, to increase the life quality of the child and thus support the quality of parents
and siblings life [14].

Physiotherapy modalities in CP aim not only to improve the movement ability of the child,
but also to reach normal level in all development stages. Rehabilitation in the children with
CP depends on the clinical type, accompanying disorders, chronological age and the socio-
economic factors. Especially visual, hearing, cognitive disorders, attacks, learning disorder,
emotional state problems are among the problems that affect the success of the rehabilitation
[15]. Thus, a multidisciplinary team is required in the treatment of these heterogeneous groups
of problems. This team must include specialist physicians (pediatricians, pediatric neurologist,
orthopedist, neurosurgeon, neonatologist, child psychiatrist, dentist and all related physi-
cians), physiotherapist, ergotherapist, psychologist, child development specialist, dietitian,
social service expert and caregivers for the child.

The children with CP are referred routinely to physiotherapy in the very early ages. But the
main question is whether there is a scientific evidence to confirm the use of physiotherapy so
often. Recently the most debated subject is if the treatment modalities performed in CP have
an effect on the neurological process. The studies and clinical literature about the effects and
density of the treatment are still unclear with lack of evidence and discussions on the field are
predicted to continue in the future. Over the past 20 years, the early interventions for the
children with disabilities have focused on evidence-based practice including the child and
family centered approach. Therefore the examination of the efficiency of these applications is
of great importance for clinicians and researchers [16]. It is accepted that physiotherapy
applications play an important role in the CP rehabilitation, but which method, how much
intensity and how long should be applied? These questions cannot be answered easily. The
most criticism of denominated therapy modalities is that the lack of scientific baseline and
evidence of activity. The evidences that support any efficiency of modality or that indicate the
superiority of any other modality, are limited, and physiotherapists have been increasingly
searching to evidence- based applications. To evaluate the efficiency of the therapy modality,
which is performed for any motor problem or physical deficiency, is difficult due to several
reasons. The main reason is the absence of standardized specific treatment. In other words
there is no dosage application under the specific, stable procedures in many cases. Researches
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regarding interventions in CP indicate that 30%-40% of interventions have no reported
evidence-based, other 20% of interventions informed ineffective, unnecessary or harmful. The
current review is showed botulinum toxin (BoNT), selective dorsal rhizotomy, casting,
constraint-induced movement therapy, bimanual training, context-focused therapy, goal-
directed treatment, and occupational therapy following BoNT are effective interventions for
body structures and functions level or the activity levels on the ICF but unfortunately, there
were no evidence-based effective interventions for improving participation, environment or
personal factors levels of the ICF. A high incidence of CP intervention studies, approximately
70% are low level evidence-based and required to increase their research quality to prove
effectiveness of treatment. These modalities are assistive technologies, animal assisted therapy,
strengthening, hippotherapy, hydrotherapy, early intervention, cognitive behavior therapy,
communication training, orthoses, oral-motor therapy, play therapy, stretching, treadmill
training and parent training. In addition, ineffective interventions are determined neurode-
velopmental therapy (NDT), craniosacral therapy, hyperbaric oxygen, hip bracing and sensory
integration [10]. There is a contradiction for NDT that is commonly used interventions all over
the world. Todays” Bobath therapists focus on motor learning principles, family-centered
practice, orthoses, BoNT, assistive devices, functional training, constraint movement treat-
ment, strengthening and bimanual treatment within right body alignment and aim to improve
posture. NDT may influence functional motor gains (low-evidence) but there are great
requirement rigorous future researches to demonstrate effectiveness of NDT.

Also, physiotherapist focuses on the functional movement and gross motor skills in the
treatment of motor disorder of the child with CP. Positioning, sitting, gait with or without
orthoses, the use of wheelchair, transfers are some of the areas on which the physiotherapist
work. Physiotherapist plans the physiotherapy and home programs, provides the school
arrangements, and makes decision about orthoses and supportive devices. Physiotherapists
teach the families how to feed, bath, cloth and hold their children during daily living activities;
and also give advices about assistive devices [17]. Thus, the physiotherapists aim to maximize
the child’s performance by focusing the needs of the child [16].

The frequency of physiotherapy is not definitive, but some families and professionals think
that physiotherapy is more useful when its frequency is increased. Recently, physiotherapist
focus to solve the needs of the family and child and decide which therapy and frequency should
be applied to the child [16]. Dosage or duration of treatment can be arranged coherently, but
the procedures are based on the skill levels and specific aims of physiotherapists, therefore
they can be varied. Even if the arrangements of treatment can be standardized (a condition of
the treatment), the family of the child can never be standardized (another condition of
treatment). All problems that accompany a research included low incidence and high hetero-
geneous condition, become complex with the process of growth and maturation.

All in all for the physiotherapists it is important to separate the evidence-based applications
and clinical applications [10]. Therapists try to find a balance between the attractive and
effective activities in the treatment process of children with CP [18]. CP is a heterogeneous
group, so more general principles are used for treatment and rehabilitation [19]. During the
last 10 years, popularity of performance based or “top-down” approaches based on motor
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learning theory in which interventions focus directly specific task training in activities of
interest and are not concerned with underlying impairments body structures and function, are
gradually increasing such as goal directed therapy, constraintinduced movement therapy [10].
While technologies come into our life, physiotherapy approaches changed and developed.
Treatment of motor impairments with new complementary technologies such as robot-assisted
therapy, locomotor therapy or computer based rehabilitation systems would improve motor
development in children with CP, especially intense growth and adolescent period also after
the multilevel surgical intervention, that effect muscle strength and body alignment. The
success of the rehabilitation process depends on several factors: the intensity of therapy,
repetition, and goal-directed or task-oriented therapy program are considered essential in
achieving motor outcomes. During the past decades new technologies have been developed
to improve sensory motor learning in children with CP. Motivation and active participation
of children in intervention program play a fundamental role in the sensory-motor learning
process and these are the key factors of successful outcomes [20]. Over the last three decades,
there has been an increase in the number of individuals engaging in interactive computer plays
[21]. Therefore, current studies focus on Virtual Reality (VR). VR as an intervention for sensory
motor rehabilitation is promising tool in order to improve lower and upper limb function and
also postural control in children with CP.

Virtual reality is a technology that provides a sense of presence in a real environment with the
help of 3D pictures and animations formed in a computer environment and enable the person
to interact with the objects in that environment. In other words, VR described as an improved
form of human-computer interaction that allows the user to be part of and interact with a
computer-generated environment [22]. A virtual environment (VE) is created by various
computer technologies. The key specialty that separates VE from other forms of visual imaging,
like video games or television, is real-time interaction. However, the interaction can be
achieved in various ways. VE shows virtual or artificially produced sensory information, and
allows the user to feel experiences similar to the events and activities in real life [23]. Interactive
simulations that enable the participant to create an interaction between body movements and
3D area are therefore constituted [24]. The person sees and feels objects and events similar to
those in the real world, can manipulate and move the virtual objects, and can do other things
in the virtual environment he/she is in. Thus, "an imaginary presence feeling" occurs in the
virtual world. In short, VR is the rebuilding of reality [25]. Some studies named these systems
“Interactive computer play-ICP” is defined as any kind of any computer game or VR technol-
ogy where the individual can interact and play with virtual objects in a computer generated
environment. Fehlings et al indicated that there is a significant similarity between terms ICP
and VR [26].

The use of VR applications started in the 1950s with a theatre machine called Sensorama. This
machine, developed by the cinematographer Morton Heilig, was constructed to address all
senses. Sensorama combined projected film, audio, vibration, wind, and odors, all to make the
user feel as if they were actually being in the film rather than simply watching it. For example,
one experience provided was driving a motorbike on the streets of New York. In addition VR
was developed by the USA air and airplane industry during the 2nd World War. The Head
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Mounted Display (HAD) that appeared in 1965 has been a milestone for VR applications. Ivan
Sutherland developed (HMDs), which allowed users to be immersed inside a virtual environ-
ment with computer-generated scenes. To compare to the technology of 21th century both
interface and realism were primitive, and the HMD was so heavy it had to be suspended from
the ceiling. The potential of VR was recognized by researchers from many different areas and
especially military [27]. The following decades VR is growing rapidly both regarding techno-
logical advancements and in areas of implementations. In order to accomplish the feeling of a
strong presence, various stimulation modalities are provided to the users (audiovisual
feedback). Since then VR has been successfully integrated into several areas of medicine and
psychology as for example: training and education in surgical procedures; education of
medical students; assessment and treatment of mental health problems including phobias and
post-traumatic stress disorders; pain management through distraction; and in motor rehabil-
itation, where examples of explored areas are upper limb rehabilitation in persons with
acquired brain injury; fall risk reduction in Parkinson’s disease, particularly stroke rehabili-
tation and in pediatric rehabilitation field [28].

VR use in physiotherapy and rehabilitation has increased significantly in the last 6-7 years.
Depending on the characteristics of the software used, VR-based therapies provide significant
experiences to the user within the targets of the therapy. VR applications became the spark
among new treatment modalities used for individuals with CP as computer technology became
intriguing and motivating for children and young people and interest on the subject gradually
increased. VR provides an opportunity for active learning, encourages the participant, and
ensures motivation. It enables performing difficult movements in a secure environment and
objectively shows the behaviors that are a result of these motions. An ever-increasing number
of studies report that VR implementation in children with CP positively affects brain reor-
ganization, plasticity, motor capacity, visual perceptive skills, social participation and personal
factors [29].

2. Theoretical Base of Virtual Reality therapy

VR therapy includes the basic principles of the motor learning theories [19]. It provides this
by enabling the user to continuously see the movements in 3D from the computer screen.
VR provides repetitive practical and positive feedback in order to increase the functional
independence in daily tasks. Holden et al reported the possibility of learning motor abilities
in the virtual environment by individuals with a disorder. Movements learned in VE can
be transferred to real life with equivalent motor tasks [30]. The first studies on this subject
reported that the VR method was usable, a lot of fun but not successful for treatment.
However, VR has been shown to provide motor recovery in the upper extremity in adult
stroke rehabilitation [31].

According to the motor control and motor learning theories, motivation, repetition, and
purposeful and special target-directed training should be used in the treatment of children
with CP. The addition of games and social activities during rehabilitation is also important for
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ensuring the development of the child. A good treatment should enable the therapy to be
transferred to daily living activities and tasks. Treatment techniques based on motor learning
theories use intensive practice of functional activities and show good results [32].

Active participation instead of passive practice is recommended for motorlearning and cortical
reorganization. Passive exercises have been shown not to enable maximum improvement in
the affected upper extremity in patients with stroke. It is also necessary to provide and
strengthen new motor skills, provide functional and duty- focused practices and increase
motivation for re-learning and recovery after a stroke. Although motor learning is quite
different in children with CP compared to patients with stroke and spinal cord injury, focusing
on the activity and task is one of the most important aspects of the treatment in children [19, 33].

One of the major purposes of rehabilitation in child and adult patients is to restore the basic
abilities. Recovery after neural damage usually depends on various factors such as the
nature and amount of the rehabilitation. Conventional rehabilitation programs are shorter
and less intensive to ensure optimal therapeutic results. They cannot adequately increase
the motivation of the patient or support activity participation. Many studies have shown
that the motivation of patients plays a critical role in treatment results. The virtual environ-
ment can also provide more intriguing and competitive conditions, by increasing the
motivation of the patient and ensuring active participation, so that less time is used for
regaining motor skills [34].

The results of the use of VR as a treatment approach in adults and children are promising.
There are many factors lying behind the use of VR in rehabilitation; it provides a variety of
environments, and an environment that is similar to the natural one can be designed to test
performance and provide independent training. Designed scenarios can be used to train
functional behavior in real life and improve functional performance [29]. The "mirror neuron
system" is considered to be a mediator for relearning in cases of disturbed cortico-motor
function [35]. The mirror neurons activate not only when performing a motor activity but also
when observing, imagining, or listening to the same motor activity [7]. There are many
important views on the development and structure of the mirror neuron system in children
[36]. The development of this system in children supports motor learning and social function
in daily life. Cortical reorganization implementations have been developed with mirror neuron
system features. The results revealed the usefulness of transferring mirror neuron information
to the treatment in the clinic. The premotor cortex has critical importance in motor learning
and motor control. This cortex is divided into dorsal and ventral parts. The ventral premotor
cortex (PMv), hand area of the primary motor cortex, anterior intraparietal area, and the
supplementary motor area are associated with Brodmann 3, 1, 2. The dorsal premotor cortex
(PMd) has more projection than PMv with the lateral intraparietal area, primary motor cortex,
supplementary motor area, cingulate gyrus and Brodmann 5 [37, 38]. (Figure II). The position
of movement towards the target has been coded in PMd cells. PMd neurons are active in the
preparation phase of the movement and play a critical role in motor planning. They are
responsible for planning and learning the movement and the constitution of the postural
responses for the future. The ventral premotor cortex (PMv) is important in the sensorimotor
processing of movement and is considered to be associated with the cognitive aspect of target-
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directed activities. It is a part of the mirror neuron mechanism. Brief pictures for motor
movements are coded with two-way activation of PMv mirror neurons during the implemen-
tation and observation of the movement. We are therefore able to understand the movements
of others in advance. Learning a motor skill is a cognitive and motor process. Motor learning
is briefly gaining the movement skills for a complex target with practice. PMd is active during
the early phase of motor learning, and is associated with spatial mapping while PMv is critical
for motor learning in the sensorimotor transfer of vision-based motions. PMv neurons are
involved in monitoring performance and deciding on the choice of motion in practical terms.
The mirror neurons inside PMv play an important role in observational and mimic learning
[7, 39].

DLPFC DLPFC
N

SMA

PMC

A
v

Figure 2. Kantak et al with kind permission “Premotor cortex (PMC) forms a part of the neural network involved in
integration of sensory and cognitive information into goal-directed actions. PMC receives sensory information from
the parietal cortex (PC), cognitive information from the dorsolateral prefrontal cortex (DLPFC) and supplementary mo-
tor cortex (SMA), and projects to the primary motor cortex (M1). In addition, it also has direct projections to the spinal
cord via the corticospinal tract. These connections within the neural networks are plastic and are modified in response
to injury, learning, and training/therapy [7].

The mirror neuron mechanism constitutes a physiological basis for motor memory and
motor learning. The mirror neurons map the observed target activity in a pictorial and
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kinematic manner and activate with the mobility recognition mechanism. It is believed that
the primary motor cortex is facilitated with VR implementations [7]. In conclusion,
activation of the mirror neuron system stimulates cortical reorganization and contributes to
functional improvement [38].

3. The benefits of using Virtual Reality in rehabilitation

The first results in the literature showed that VR was a robust treatment method that was
functional, target-directed and motivating [30, 40]. Studies, especially in the field of pediatric
rehabilitation, have taken the various aspects into account (such as development of life skills,
mobility, cognitive abilities, entertainment, motivation). VR provides specific and intensive
treatment for children. However, evidence supporting VR implementation for the rehabilita-
tion of children with neurological disorders is still limited [28, 31].

New technologies like VR play an important role in functional training and performance. VR
allows intensive and motivational training. It enables the use of many interactive environments
and multiple sensory feedbacks [41]. The use of this technology in disabled individuals ensures
communication with others, improves social relations, and increases independence. VR meets
important criteria for motor learning and motor control. VR applications also enable the
therapist to train the child at home [30]. High levels of motivation, participation, and cooper-
ation are essential components of a game system. These characteristics of the training support
behavioral changes and neural plasticity. In conclusion, multi-sensory feedback explains the
improvement in learning and performance. VR implementation in children with CP positively
affects brain reorganization, plasticity, motor capacity, visual perceptive skills, social partici-
pation and personal factors (Table I) [42, 43].

The benefits of using Virtual Reality in rehabilitation
Increases motivation
Demonstrate target-directed functions more realistically
Provide an experience for the child according to his/her own motor learning capacity
Support motor learning
Support cortical reorganization

Provide interactive treatment

Table 1. The benefits of using Virtual Reality in rehabilitation

4. Virtual Reality systems used in pediatric rehabilitation

The popularity of computer technologies has increased between both children and adults. In
addition video games are an important part of leisure activities for the young. Actually, one
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of every 4 children in the USA now has his/her own video game console at home. In last 10
years, active video game consoles give an opportunity to transform sedentary screen time into
a period of physical activity. Examples are Sony PlayStation, Nintendo Wii, etc. [21]. Active
video consoles based on VR concept and allow interactive physical activity. Nowadays, the
computers systems focus on touch technology that are rapidly improved and become signifi-
cant part of our personal, social and occupational life. Touch technology is frequently used in
most area such as airports, cell phones, tablets due to easy manipulation of touch interface,
flexibility and convenience [44]. The numbers of touch screen devices are gradually increased
from 665 million in 2011 to 1350 million by 2014 [45]. According to our clinical experience many
therapist use these touch technologies and active video consoles in CP rehabilitation to
motivate children and take advantage of variable applications. Thus, children and young
people with disabled or not are now more familiar with such technologies. They can be used
as free-time activity and a socializing method.

VR is used in rehabilitation for the development of an interactive game environment so that
the special aims of the treatment can be achieved. The first purpose of VR as a treatment
modality is to develop the confidence and adequacy in motor-based and game-based activities
that are impossible for the patient to accomplish in the real world [29, 31].

There are several methods where the users are in interaction with virtual reality technologies.
The phrase 'interactive computer game' has been created to understand these differences [23].
An interactive computer game is any kind of computer game using virtual reality where the
child can play and interact with virtual objects on the computer or the created environment.
There are different types of VR systems that separate according to immersion degree and how
the users interact with the system [25].

The virtual environment can be divided into 2 subgroups;

1 Immersion VR; the virtual environment is shown with a screen mounted on the head.
Immersion means how much the user feels virtual environment like real. All immersive
systems, users wear a head mounted display that brings them into a 3D virtual environment.
Movement through VE is controlled by head movement.

2 Desktop VR; the designed images are seen on the computer screen, or on the TV screen
together with the voice of an external speaker. The other VR systems the users feel the VE in
a 2 dimensional flat screen and they focus on total body movement that controlled a mouse,
joystick, keyboard [22].

Tactile feedback can be provided by a feedback glove, and force feedback by providing
resistance with the joystick in the virtual environment (VE). Systems connected to the internet
(tele-rehabilitation) have the potential to reach out to children who are in distant areas where
healthcare services are limited [30]. (Figure III-IV)

Those that were not specially designed for use in rehabilitation

The cost of simple VR game systems like Nintendo Wii is low and they are available in the
physiotherapy departments of many third world countries. The use of Nintendo Wii may be
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beneficial in the rehabilitation process for physiotherapists who work in an area with limited
resources [18]. Current virtual reality systems like Interactive Rehabilitation Exercise System
(IREX) are expensive and inaccessible for the majority of the population. Therefore, the use of
mainstream game consoles for treatment has become popular [46].

Figure 3. VR application with The Rutgers Ankle CP. Copyright Rutgers University Tele-Rehabilitation Institute and
Washington University in St. Louis. Reprinted by permission.

These products (Nintendo Wii, Wii sport games, Wii fit) use motion-sensing technology.
The technology perceives speed and orientation with the manual remote control. The player
mimics the physical movements of games such as baseball and skiing with the remote
control. A pressure-sensitive balance board can be used. Physical activities in yoga and
similar balance games can be mimicked [47, 48]. Sony Eye-Toy is another video game and
used with PlayStation 2. This system contains a small camera and perceives the body of the
person and then transfers the appearance to the imaginary system [23]. Dance Dance
Revolution (DDR) can be used with Nintendo, PlayStation and Xbox game. It contains a
pressure-sensitive mat. It follows dance movements and transfers them to a virtual
environment with e-dimensions [47].
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Figure 4. The Rutgers Ankle CP: Game starting screens. Copyright Rutgers University Tele-Rehabilitation Institute and
Washington University in St. Louis. Reprinted by permission.

5. Virtual reality systems designed for rehabilitation

Marketed games are not appropriate for patients with "severe spasticity". Pressing on a button
in an extremely difficult way or holding the remote control for a long time can be required
during the game. The failure of patients to finish the game is due to games being designed for
young healthy adults and this decreases self-respect while leading to depression. Games that
can automatically adapt to the decreased functions of each patient and that can provide the
repetition necessary for neural change are necessary for amusing game-based hand therapy
in children with CP who have severe spasticity [49]. Examples are Sony PlayStation 3-
supported sensory glove and the Pediatric Intensive Therapy System (PITS); contains a sensory
glove and games appropriate for rehabilitation. PITS has been developed for children with
upper extremity dysfunction and decreases the dependence of patients, increases self-
sufficiency in exercise control and decreases the therapy cost [50]. The Interactive Rehabilita-
tion Exercise System (IREX); uses motion-sensing technology and video capture [46].

6. The advantages and disadvantages of VR systems

Knowing the advantages and disadvantages of the systems is important in determining
appropriate virtual reality applications for clinical use and research. Galvin et al gathered and
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classified the VR systems used in the field of pediatric rehabilitation in a very detailed and
explanatory manner for clinicians and academicians in their review. This is valuable explan-
ation for researchers, clinicians, master and doctorate students to support, help and make
easier in choosing VR systems according to their target functions (Table II) [47].

Classification of Virtual Reality Systems for Rehabilitation

PITS
Upper Extremity
PS3 Glove
VR systems focused on whole body movement, upper- Eye/Eye Toy
lower extremities Whole Body IREX
Wii/Wii Fit
Lower Extremity DDR

Those with cognitive-motor IREX

relationship PITS
DDR
Cognitive-Motor relationship
Those without cognitive Eye/Eye Toy
motor relationship Wii/Wii Eit
PS3 Glove
IREX
PITS
Those with the ability to focus on movement quality PS3 Glove
Eye/Eye Toy
Wii/Wii Fit

Those without the ability to focus on movement quality =~ DDR

Wii Fit
Standing independently

DDR

IREX

Those that require the ability to maintain the straight p—
posture of the body

Sitting and others PS3 Glove

Eye/Eye Toy

Wii

Galvin and Levac with kind permission [47].

Table 2. Classification of Virtual Reality Systems for Rehabilitation
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7. Virtual Reality studies in rehabilitation

Virtual reality studies are promising for clinical use in pediatric rehabilitation, especially in
CP. Parsons et al reported using VR treatment as a rehabilitation approach in children with
CP to be more effective than in children with autism and attention deficit [51]. Researches
focused on using VR systems in CP interventions, aimed to prove effectiveness of VR on the
body structures and functions, activity and participation according to the ICF components.
Most of them used applications to reduce impairments of body structures and functions [29].
These researches can be separated subgroups according to their goal as upper extremity, lower
extremity, postural control, physical-cardiovascular fitness, and education.

8. Studies focused on upper extremity

All studies aimed to improve function or quality of movement in upper limbs in order to
achieve better performance in daily life activities and increased social participation. Researches
about this issue are rapidly increasing and then question that “Does VR applications really
improve upper limb function?” came up. Accordingly, Galvin et al reviewed 5 studies that
used VR to develop upper extremity skills in children with CP. The findings were reported to
be limited due to the inconsistencies in result measurements [52]. Also, Wang et al reported
that study designs, result measurements, and therapy intensities were heterogeneous and
sampling groups small in their review on VR applications and supported the use of VR for
upper extremity training in children with CP [53]. However, for CP treatment, it is difficult to
demonstrate changes in quality of movement. For instance, Reid et al treated 4 spastic
quadriplegia and diplegia patients between the ages of 8 and 12 years. Treatment was
implemented for 1.5 hours per week for 8 weeks. They showed that the BOTMP scores
increased but the quality of upper extremity movements did not change [31]. In the other study
of Reid et al divided 31 children aged 8-12 years as 19 VR subjects and 12 control subjects in
their randomized controlled study. Treatment for 1.5 hours per week for 8 weeks was imple-
mented for the children. Canadian Occupational Performance Measurement (COPM) and
Quality of Upper Extremity Skills Test (QUEST) were used to evaluate the effect of the treatment.
While the results of all participants improved after the treatment, no significant functional
difference was found between the groups but there was significantly increased social accept-
ance and motivation in the treatment group [54]. Small sample size or inability of assessment
tools to measure quality of movement may induce these results. On the other hand, there are
evidence-based studies showed improvement quality of movement. One of those, a study of
You et al conducted on children with hemiparetic CP to investigate VR-based cortical reor-
ganization and functional motor development. They treated the child with IREX for 60 minutes
5 times a week for one month. The Bruininks-Oseretsky Test of Motor Proficiency (BOTMP)
score was shown to increase from 1 to 5, the Modified Pediatric Motor Activity Log (PMAL)
questionnaire from 0 to 3 and the Fugl-Meyer (FMA) score from 39 to 52. The authors reported
functional motor skills and amount of use in affected upper extremities and the quality of the
motion, active movement control and coordination of upper extremity motor performance
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increased. According to the functional magnetic resonance imaging (fMRI) results, the
increased abnormal activities in the ipsilateral and contralateral primary sensorimotor cortex
before the treatment decreased while the primary motor cortex and primary sensorimotor
cortex were found to be more active. The authors showed that internalization of the motor
process in target motor behavior is facilitated during visual sensory feedback and VR therapy.
This internalization leads to the formation of new motor pathways especially around the
sensorimotor cortices (SMC). They demonstrated that VR therapy stimulates neural motor
pathways that were not previously used and might develop neuroplasticity. Thus, motor skills
of the affected extremity of the child have developed and cortical reorganization was similar
to that of a normally developing child after VR application [55]. Similarly, Chen et al investi-
gated the benefit of VR use for reaching activity in 4 children with CP between the ages of 4
and 8. They used the Sony Eye-Toy system. Children were treated for 4 weeks at 2 hours per
week. Reach kinematics and PDMS-2 results of the children were found to increase. The quality
of reaching was shown to improve after individual training for 4 weeks [56]. Most of the
researches showed improvement upper limb functions via VR interventions. Jannink et al
included 12 children with CP for upper extremity training with a Sony Eye-Toy in a weakly
randomized controlled study. A treatment of 30 minutes was implemented twice a week for
6 weeks between the ages of 7 and 16. Upper extremity functions were evaluated with
Melbourne. The results of two children in the treatment group were shown to have increased
from 9% to 13%. The authors reported the Eye-Toy to be a motivational education tool that
developed upper extremity function in children with CP [57]. Also, home-based treatment
approaches are important to integrate effectiveness of VR intervention in daily life and to
increase the time of intervention. Huber et al developed a PS3 home hand rehabilitation system
for hemiparetic young people with CP and Burdea et al reported pre-treatment hand values
of 45% for extension, 70% for flexion and post-treatment values of 70% and 90% after using
this system for treatment for 2 months. Grip strength increased by 50% and the Jebsen hand
function test results increased. The bone mineral density also increased [49]. Then again,
Winkels et al included 15 children with CP between the age of 6 and 15 in the study where
they aimed to evaluate the effect of upper extremity function training in children with CP by
using Wii games. Children at level I and IT according to the manual ability classification system
(MACS) were included in the study. The children were evaluated with the Melbourne
Assessment of Upper Limb Function and ABILHAND-Kids before and after the treatment. A
marked increase was found in the performance of daily living activities. Those who received
low scores in the Melbourne evaluation at the beginning showed great improvement in upper
extremity function. It has been said that treatment with games is more suitable for children
with a more severe disorder. Health professionals and children have been satisfied with the
Wii boxing and tennis game [41]. As result, these studies proved VR systems are motivational,
familiar and useful for children with CP and can be used for improving upper limb function
on the other hand, participants were included, had mild level of MACS or gross motor function
classification system (GMFCS), future researches should investigate benefits of VR applica-
tions in moderately and severely affected children with CP.
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9. Studies focused on lower extremity

The goal of studies associated with lower extremity generally is to enhance walking ability or
strength. Another current review, Meyer-Heim et al focused on the treatment of motor
impairments with new complementary technologies such as robot-assisted and computer-
based rehabilitation systems. Previously, robot-assisted gait training (RAGT) was developed
for adults and researched demonstrated its functional benefits such as increased gait velocity,
improve balance, reduction of muscular hypertonia and gait endurance. RAGT is based on
neuroplasticity of central nervous system within spinal cord to stimulate a basic locomotor
pattern via central pattern generators [5]. Mutlu et al, declared partial weight bearing treadmill
training can improve walking capacity in children with CP via motor learning [58]. Besides
that, a pediatric model of the Locomat designed for RAGT of children starting from age 5 years
old due to beneficial outcomes in adults [59]. But one of the limitations of conventional
locomotor training is that walking on a treadmill prevents optic flow. Optic flow is important
for arrange gait speed and stride length during walking, which visual motion sensed by the
eyes as the body moves through the environment. For that reason, combination between VE
and treadmill training provide the optic flow of forward motion and may improve walking
patterns and also increase motivation and immersion. Integrated virtual environment reha-
bilitation treatment gained visual and proprioceptive feedback that are necessary for gait
training. Because movement patterns can be modified using visual, auditory and propriocep-
tive feedback. In addition, it is essential to match proprioceptive feedback from the limbs [60].
Other limitation is that walking monotonously for 30-45 min during Locomat or treadmill can
be boring for children because motivation is essential for rehabilitation process. Thus, some
pediatric rehabilitation centers play music during the treatment [57]. For this reason, recent
studies focused on combination with VR system and RAGT. Briitsch et al investigated the effect
of VR and Locomat and created a virtual football scenario for the patients. The therapy of 10
children with a neurological gait disorder and 8 healthy children was conducted with the
Locomat alone, with therapist support, with VR, and with VR and the therapist together.
Results were obtained in the posture and swing phase from the knee and hip joints. No
difference was found between VR and a therapist in cases with a neurological walking
disorder. Walking with any motor support in children, whether healthy or with a neurological
disorder, significantly increased motor results compared to walking without any motivational
support. In other words, active participation increased with the verbal support of the therapist,
with VR, or with the support of VR and the therapist at the same time. The VR and therapist
combination was found to be more effective. VR games provide the necessary motivation for
gait training in children. These studies showed that electromyography activity output was
significantly higher during task with VR and physiotherapist motivation than during normal
walking conditions when walking on the Locomat [34] (Figure V).

Last 20 years, interventions focused on strength training in CP rehabilitation due to under-
standing important of muscle weakness. In children with CP, muscle weakness influence
negatively daily life activities and social participation and decreased functional capacity [61].
Chen et al identified that cycling is an applicable, effective and easy approach for improving
muscle strength and developed home-based virtual cycling training (hVCT) program. They
included 27 children with CP with GMFCS levels I-II at age of 6-12 years. Children with CP
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Figure 5. Examples of Pediatric Locomat virtual reality games. This game has been developed in a close collaboration
among the Rehabilitation centre Affoltern, the ETH Zurich and the University of the Arts Zurich. (Color version of the
figure is available online.) [5]

performed hVCT program 40 min/day 3 times per week for 12 weeks, that consisted of a 5 min
warm-up exercise, 20 repetition of sitting to standing movements, cycling 20 min and a cool-
down exercise for 5 min. They assessed gross motor function with BOTMP and muscle strength
with isokinetic dynamometer. The results showed significant effect on muscle strength at post
treatment. The hVCT group had greater peak torque of knee extensor and flexor at 60°/s and
120%/s angular velocities than control group. Changing in strength indices of knee extensor and
knee flexor at 60°/s post treatment were 19-41% in the hVCT group while those were -2 to 1 %
in the control group. Also, at 120%s at post treatment were 30-36% in hVCT group while -6 to
-19% in control group. They suggested that these findings might be lead clinicians to improve
muscle strength more effectively [62]. Bryanton et al investigated ankle dorsiflexion kinematics
in observational studies they conducted on 10 children with CP and 6 healthy children. The
difficulty in voluntary muscle contradiction results in weak selective motor control in children
with CP. Children with CP completed their selective motor control exercises with the VR
exercise system and conventional exercises. Ankle movements were recorded with the electro
goniometer. VR has been shown to provide more repetition than conventional exercises. The
joint range of motion and duration of holding in a stretched position were found to be higher
after VR exercises. They proved VR use increased compliance with exercise and its usefulness
[63]. Burdea et al investigated ankle strength, motor control, gait, function and quality of life
development in children with CP while playing VR games in their study. Plantar flexion
strength of the children increased 0.15 Nm/kg and the quality of life increased by 2.8%
according to the Pediatric Quality of Life Inventory (PedsQL). 400 repetitions were performed
for each ankle with the Rutgers Ankle CP system in a game session [64]. Therefore, clinicians
can be used VR systems to increase lower extremity strength in children with CP.

10. Studies focused on postural control
Postural and balance control is one of the key factors that affect performance of most functional

skills such as walking and reaching. When children with CP have poor postural control, they
may fall in walking or may not regulate the velocity of the reaching arm or to initial pelvis
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position. The main reasons of dysfunctional postural control are enhanced antagonistic co-
activation, reduced capacity to modulate the degree of postural muscle contraction to the
specifics of the situation [65]. In last decade, some interventions focused on impaired postural
control and balance in children with CP to improve daily life activities [66]. However, there
are few evidence-based studies showed effect of VR intervention on postural muscle activity.
One of them is a case report by Deutch et al. which is the first study conducted with Wii. A 13-
year-old spastic diplegic child was provided VR treatment with the Wii game console for 4
weeks at 11 sessions of 60-90 minutes. They showed that the visual perception process, postural
control and functional mobility had increased. They emphasized that stretching behaviors
developed with cortical reorganization in the rehabilitation of the upper extremity movements
with VR [48]. In another study, Gordon et al included 6 patients between the ages of 6 and 12
years in treatment with Wii twice a week for 6 weeks. Total Gross Motor Function Measure
(GMEM) score changed by 7%. The biggest change was seen in the sitting section (12%). The
smallest change was seen in the turning section (2%). Two of them used balance assessments
to demonstrate differences in postural control [18]. Sharan et al included 16 children (8 study
- 8 control) in treatment 3 days a week for 3 weeks with Nintendo Wii sports in a study where
they investigated the effect of VR application after surgery in children with CP. An increase
was seen after the treatment with PBS. While VR had an important effect on the development
of balance, no difference was shown between the control group regarding manual skills. The
investigators proved that Wii-Fit use developed balance in the child and balance training
decreased the swing of the children with this study [24]. Additionally, Brien et al investigated
the functional balance and mobility of adolescents with CP level I according to Gross Motor
Function Classification System (GMFCS) after intensive short-term VR application. Four
children with CP between the ages of 13 and 18 were treated for 90 minutes per day for 5 days
with IREX. Timed Up and Down Stairs (TUDS), 6-Minute Walk Test (6MWT) and Community
Balance and Mobility Scale (CB&M) and GMFM E were evaluated. Functional balance and
mobility were shown to develop with short-term, intensive VR implementation. The improve-
ment was found to be significant with CB&M and 6MWT in the follow-up period. The
developmentin CB&M is reported to be associated with the development in coordination, time
and speed necessary for ambulatory performance of complex motor skills and especially
within the society, and this effect was preserved for at least 1 month. The walking endurance
necessary for daily life and social participation was proven to be increased [67]. Walking is
also influenced of active control of pelvis and trunk. Balance perturbation responses in healthy
individuals are formed with the simultaneous contradiction of the neck, body and hip muscles
and are seen even before the activation of muscles. Distortion of proprioception in the core
environment (body and pelvis) and decreased strength has been found to be associated
especially with increased injury risk to the knee in prospective studies. Good control of core
movement is therefore a prerequisite for better use of the legs. The interaction between the
body and the pelvis is necessary for good control and performance of daily living activities.
This interaction during walking depends on the walking speed. While the pelvis and body
interact as when the body is standing in the transverse plane at slow speed, the interaction
becomes that seen in the swing phase as the rate increases. The protraction of the pelvis
together with the retraction of the body in the swing phase increases the step length of the leg.
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Thus, the walk productivity improves. One of the primary problems in CP is the decrease in
selective motor control. Poor selective motor control of the pelvis and body distorts walking
and negatively affects daily living activities VR training leads to decreased combination of
body and pelvis and increased selective control. Co-contraction and combination decreases
with increase of selective control of the muscles in the body and pelvis region, while selective
pelvis control increases and pelvis rotation-body rotation is facilitated. Co-contraction is the
simultaneous contraction of the agonist and antagonist muscle and is used to prevent errors
and increase stability when unaccustomed tasks are being performed. The co-contraction level
decreases with increased practice [68, 69]. Due to these reasons, Barton et al treated a child
with spastic CP 2 times a week for 30 minutes, for 6 weeks. The combination of pelvis and
body increased after the treatment [70].

11. Studies focused on physical and cardiovascular fitness

Physical activity consists of body movements performed by using the skeletal muscles and
results in spending energy. According to ICF, activity is divided into 2 areas as performance
and capacity. Physical activity is made up of the activities the individual undertakes in regular
daily life. Capacity is how much people can achieve, such as walking distance [6]. Increasing
spend time on watching television, playing electronic games and computers, are generally
associated with decreased physical activity and obesity [71]. On the other hand, the children
and adolescents active video games are considered interesting alternatives to passive games.
There is gradually increasing evidence that internet-based applications and active games can
increase physical activity in healthy children [72]. Physical activity and fitness is reduced in
children with CP than their typically developing peers and also spend most of their time with
sedentary activities, facing a screen [73]. Examples are watching television and playing video
games. For this reasons the risk factors to develop obesity, osteoporosis, diabetes, CVS disease
or musculoskeletal pain are increased. There is new evidence indicating that VR implemen-
tation and the use of motion interactive games increases physical activity in children with CP.
Mitchell et al investigated the effects of VR application in children with CP on physical activity.
VR implementations are more intense than one-to-one training. For example, “move it to
improve it- (Mitii)” provides a total of 70 hours of therapy. Therefore, these systems may
provide an increase in physical activity. Physical activity capacity increased with Wii Sports
and Mitii and physical activity performance increased with Eye-Toy 2. Functional strength
also increased with Mitii training. A few intervention studies investigated effects on physical
activity in home use and/or long-term use of active video games. These researches reported
that active games could improve physical activity in a moderate level and reduce sedentary
screen time. Home based interventions have ranged from 10-28 weeks in duration so the effects
of long term use of active games are uncertain. Several studies indicated playtime was reduced
during the intervention [74].

In recent review, Fehlings et al pointed that effect of VR on cardiovascular fitness (CVI) in
children with CP. For active video games, it’s necessary to appropriate physical activity. Active
video games have great potential to promote increased physical activity and enhanced CVI
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fitness for children with CP [26]. Hurkmans et al investigated effects on energy expenditure
(EE) among adults with CP when playing Wii sports. Several researches compared EE
measured with indirect calorimetry or by an activity monitor during play of different motion
interactive video games to EE during other activities of various physical exertions [75].
Generally activity levels compare with metabolic equivalent units (MET). MET is a physio-
logical concept expressing the energy cost of physical activities and is determined as the ratio
of metabolic rate during a specific physical activity to a reference rate of the metabolic rate at
complete rest. Therefore 1 MET corresponds to the metabolic rate while at complete rest and
2 METs represent a doubling of the energy consumption. A common grading of physical
activity according to METs is: sedentary (<SMETs); moderate (3-6 METSs); vigorous (6-9 METs);
and very vigorous (>9 METs). Playing motion interactive games found to increase EE to light or
moderate levels around 3 METs, same as brisk walking, skipping, jogging or stair climbing.
Sustained vigorous activity above 6 METs is generally not obtained during play. Energy
expenditure during play depends on engagement and type of game played. Games that
playing on upper body movements compared to games with playing lower EE and higher
values are achieved when all body movements are achieved [76]. As result studies demon-
strated that active video games generates higher EE compared to rest and sedentary screen
time activities but not as high EE values as performing the corresponding real activity in itself.

12. Studies focused on other conditions associated with cerebral palsy

Most of children with CP suffer from several comorbidities in addition to motor handicap such
as behavioral, cognitive, and learning disabilities, further impeding their overall functional
capacity. Approximately 40 percent of them have learning disabilities and common behavioral
symptoms in high-functioning children with cerebral palsy are attention deficits and impul-
sivity, especially premature birth compatible with the diagnosis of attention-deficit hyperac-
tivity disorder (ADHD). ADHD is one of the major causes of behavioral, friendship and school
problems [77]. Pollak et al investigated effects of VR intervention on children with ADHD and
produced virtual reality schoolroom environment to motivate children, to support active
participation, to evaluate attention and motor behaviors in challenging. Their VR classroom
designed according to Rizzo et al Digital Media Works and has head mounted display and
gives visual-auditory stimuli with in the VE. In experimental group had 20 boys with ADHD,
the control group consisted of 17 boys without ADHD. They assessed with Test of Variables
of Attention (TOVA) and virtual reality continuous performance tasks (VR-CPT). According
to VR-CPT findings, children with ADHD had slower reaction time, higher variability in RT
is more errors of omission and commission than control group. They demonstrated VE provide
test and training situations that are ecologically valid, motivating and dynamic. These findings
consistent with literature that VR-CPT is a user-friendly method for children with ADHD,
autism and intellectual disability [78]. Future researches may focus on VR applications on
children with ADHD and CP. Akhutina et al administered VR therapy to the treatment group
for 30-60 minutes, 6-8 times for 1 month in a semi-experimental study they conducted with 12
treatment and 9 control subjects. They showed that the visual-spatial abilities developed more
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in the treatment group. They emphasized that VE-based spatial education was effective in
children with complex disabilities [79]. Rosenbaum et al originally reported agency is essential
component for our self-consciousness and the ability to control movements and interact
appropriately with the environment, also the computer model help to investigate sense of
agency in our experiment. Rosenbaum et al investigated that CP children’s ability to correctly
perceiving their own movement by training with cognitive process and motor control. The
study consisted of 20 CP children in training group and 20 CP children in control group trained
for at least 30 min daily in the 20 weeks period using the internet based home training system
‘move it to improve it (Mi Tii)” and CP training group continued their routine daily life
activities. Their results proved that children with CP improve their ability to determine
whether they themselves or a computer are responsible for the movement of an observed object
following 20 weeks of an inter active computer training designed to increased sensory-motor
interaction [80].

Children with CP also generally occur pain and this affect to daily life activities, participation
in rehabilitation, social life. Pain is also important for children to reduce motivation that induce
human action. Distraction is one of the successful methods to reduce pain and behavioral
distress for children suffered by pain. Pillay reported that interactive distraction that child
attend activity the distraction task continuously require central attention resources much more
effective than passive distraction activities that do not necessary management of central
attentional functions such as watching cartoons. These interactive distraction activities consist
of videogames, interactive musical storybooks, interactive toy robots and educational elec-
tronic games that reduce acute pain in children [81]. Law et al aimed to investigate effect of
passive and active distraction task. They assessed pain by cold pressure tolerance. Participants
separated two groups according to their age (6-9 years and 10-15 years). Because children react
distraction differently associated to the age. Researches explained that attentional control
improve rapidly during early childhood and develop greatly between 7-9 years and is
relatively mature by 12 years. They used Nintendo Wii game system. Law et al found that
there was significant improvement in pain tolerance all the interactive and passive distraction.
Butinteractive distraction by increasing attentional load resulted higher improvements in pain
tolerance. Their results are supported to the other researches in literature. In addition their
findings showed that there were developmental differences on response to interactive
distraction. Both of children have benefits on passive and interactive distraction but especially
interactive distraction is much better. Also, older children response pain interactive distraction
better than younger [82]. Current literature is required to research relationship between pain
and VR interventions in CP.

13. Conclusion

We believe that VR provide new possibilities for the rehabilitation team of CP as the effect of
active treatment and motivation together with functional use enable minimizing motor
problems although the effect has not been completely shown in studies on VR applications in
children with cerebral palsy due to heterogeneity of studies, sample size, outcome measures
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and etc. In addition to many physical benefits the concept of "cerebral plasticity" are important
for independent activity perception, especially for the treatment of motor problems from the
perspective of physiotherapists, as well as therapy including play, fun and enjoy from the
perspective of the child encourage us to complement the use of the VR systems in the reha-
bilitation of children.
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