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Preface

At a time of dramatic increases in the prevalence of obesity, it is appropriate that type 2
diabetes has received a great deal of attention by the endocrinology community. Clearly,
the management of insulin resistance and cardiovascular risk is a critical issue. However,
it is equally important to acknowledge and address type 1 diabetes, whose prevalence
is also increasing and whose management remains complex. Currently it is estimated
that 10–15% of those with diabetes have type 1, and often the diagnosis is challenging
since many of those previously thought to have type 2 diabetes actually have late-onset
type 1 diabetes (also termed latent autoimmune diabetes in adults, or LADA). Over the last
decade the tools for the management of type 1 diabetes have also evolved and so there is
an opportunity to more closely replicate normal physiologic insulin secretion with either
basal–bolus insulin therapy or continuous subcutaneous insulin infusions. Besides insulin,
there are now some added therapies such as pramlintide. While these advancements allow
us to better manage our patients with type 1 diabetes, they also add complexity. An updated
text to address the concepts behind the care of the person with type 1 diabetes is warranted
to review these issues for endocrinologists and primary care providers with an interest in
diabetes.

To achieve this goal, we have divided our textbook into four separate sections:

� In the first section, we review the pathogenesis of type 1 diabetes, including
polyglandular autoimmunity, and expand our understanding of LADA.

� In the second section, we discuss in detail the management of type 1 diabetes,
including blood glucose monitoring; diabetes education, nutrition, and special
situations; insulin; and pramlintide therapies.

� In the third section, we review the complications of diabetes: Hyperglycemia
and tissue damage, including data from DCCT/EDIC, retinopathy, nephropathy,
neuropathy, and hypoglycemia.

� In the fourth and last section, we discuss special settings and situations such as
pregnancy, psychology, including depression and eating disorders, and pancreas
and islet transplantation.

iii
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iv Preface

We would like to acknowledge the mentoring of our senior editors, Dr. Irl Hirsch, Dr.
Satish Garg, Dr. Barry J. Goldstein, and Dr. Matthew Riddle.

We hope you find this text to be informative and practical in your day-to-day man-
agement of type 1 diabetes patients and all the complex issues that arise in their care.

Serge Jabbour
Elizabeth A. Stephens
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1
Pathophysiology of Type 1 Diabetes

L. F. Meneghini
Diabetes Research Institute, University of Miami Leonard M. Miller School of Medicine,
Miami, Florida, U.S.A.

INTRODUCTION AND BACKGROUND

Type 1 diabetes mellitus (T1DM) is characterized by defects in beta-cell function that
eventually result in absolute insulin deficiency, requiring insulin replacement therapies to
ensure survival and limit the complications of hyperglycemia. Type 1A or autoimmune
diabetes, which accounts for 85% to 90% of T1DM, is characterized by the presence of
autoantibodies to several islet cell molecules, including insulin, GAD, and IA-2, as well
as by infiltration of the islets and destruction of beta cells by mononuclear cells (insulitis).
Although the presence of insulitis requires a tissue specimen for diagnosis, autoantibodies
on the other hand can be measured from serum and are detectable years prior to the
onset of hyperglycemia. Along with genetic screening and assessment of stimulated insulin
secretion, autoantibodies can also be used to predict the development of T1DM in at-risk
populations.

Although there is a 10- to 15-fold increase in the lifetime risk of developing the disease
for first-degree relatives of subjects with T1DM compared to the general population, over
85% of patients who develop autoimmune diabetes do so in the absence of a positive family
history. Several genetic factors that increase the risk of developing autoimmune diabetes
have been identified; the best characterized and studied are the DR3/DR4 alleles in the
MHC (HLA) complex. It is still unclear what triggers the initial immunologic attack on
the beta cell, but a combination of both genetic and environmental factors is likely to be
involved. Once autoantibodies are detectable in the serum, many of these patients will go
on to develop insulitis and beta-cell destruction eventually leading to metabolic instability,
hyperglycemia, and possibly ketoacidosis. The mechanisms underlying the progression
of the autoimmune attack on the beta cells have been extensively assessed in the rodent
model, but unfortunately remain incompletely understood in humans, where access to
injured tissue (pancreatic islet cells) and other factors have limited our ability to better
address the pathology of diabetes. In this chapter, we will review the natural history
and the development of the metabolic abnormalities that characterize the progression of
autoimmune diabetes and try to link these clinical observations to possible pathogenetic
factors. We will conclude by describing the relationship of T1DM to other autoimmune
syndromes that share similar genetic predisposition.

1
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Table 1 HLA Haplotypes and Risk of Type 1 Diabetes (86)

HLA

Risk HLA DRB1 HLA DQA1 HLA DQB1

High risk 0401, 0402, 0405 0301 0302
0301 0501 0201

Moderate risk 0801 0401 0402
0101 0101 0501
0901 0301 0303

Weak or moderate 0401 0301 0301

Protection 0403 0301 0302
0701 0201 0201
1101 0501 0301

Strong protection 1501 0102 0602
1401 0101 0503
0701 0201 0303

HLA DR3, DQB1∗0201 = DR3-DQ2; HLA DR4, DQB1∗0302 = DR4-DQ8;
HLA DR2, DQB1∗0602 = DR2.

GENETIC PREDISPOSITION

Several factors can be used to predict the risk of T1DM. In many subjects who are di-
agnosed with the disease, specific genetic elements have been implicated. For example,
the heterozygous HLA DR3-DQ2/DR4-DQ8 genotype is so far the highest risk genotype
identified for the development of T1DM diabetes (Table 1). This combination occurs in less
than 3% of the general population and in approximately 30% of patients with autoimmune
diabetes. Moreover, about 90% of subjects with autoimmune diabetes carry either DR3 or
DR4 allele. Individuals with the high-risk DR3/DR4 genotype have an increased lifetime
risk of developing T1DM of approximately 6%, which is 20 times higher compared to in-
dividuals without it (1). Other genetic factors as well as environmental factors are thought
to contribute to disease risk, given that the genetic susceptibility from HLA alleles predicts
only about 50% of diabetes cases (2).

Genetic testing has been used in the attempt to identify individuals (particularly chil-
dren) at-risk for T1DM, with the purpose of developing effective strategies for early disease
screening and prevention studies. The diabetes autoimmunity study in the young (DAISY)
longitudinally assessed the development of disease in both first-degree relatives (children)
of patients with T1DM as well as a cohort of newborns from the general population iden-
tified through HLA screening, and risk classified based on HLA-DR/DQ genotyping (3).
The high-risk genotype (DR3-DQ2/DR4-DQ8), which was present in 2% of newborns,
correctly identified almost half of the children who went on to develop diabetes. Of the
studied population, 8.2% of children were found to be positive for one or more autoanti-
bodies (GAD, IA-2, IAA), although in 62% of the cases the antibody test was considered
either falsely or only transiently positive. This transient positivity may reflect subjects in
whom the autoimmune process was somehow attenuated or perhaps aborted. While in this
study, the HLA-DR3/DR4-DQ8 genotype was most predictive of progression to diabetes,
the presence of more than one antibody and a higher autoantibody titer also identified
children who went on to develop the condition. The Finnish type 1 diabetes prediction and
prevention (DIPP) screened almost 32,000 neonates from the general population for the
high-risk HLA-DQB1 alleles and offered follow-up immunologic testing only to the 15%
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of infants who screened positive (4). Their strategy, which cost approximately $245 per
child (5), was able to identify 75% of children who went on to develop T1DM at an early
age, and was clearly more cost-effective than a purely immunologic screening approach.
In the Bart’s-Oxford study, the highest risk genotype (HLA DR3/DR4) conferred a 5.1%
absolute risk of diabetes by age 15 years (compared to 0.3% in the general population of
the study) and had an overall 23% sensitivity for detecting disease (6). Presently, the use
of HLA screening of the general population to identify high-risk individuals, followed by
immunologic and possibly metabolic testing in subjects positive for HLA DR3/DR4, could
represent a feasible strategy to identify a significant proportion of subjects without a family
history of T1DM who may in the future develop the disease.

Familial transmission of autoimmune diabetes appears to be in part determined by the
relationship an individual has to the proband with the disease. For example, offsprings of
fathers with diabetes carry a substantially higher risk of disease (6–9%) than do offsprings
of diabetic mothers (1.3–4%) (7), while if both parents have T1DM the risk increases
to approximately 30% (8–10). In fraternal (dizygotic) twins the concordance rate is 5%,
whereas the risk is substantially higher in identical (monozygotic) twins (30–50%). When
nonidentical siblings share the same high-risk genotype (DR3/DR4), the risk of T1DM
in the unaffected proband jumps to 20%, while in monozygotic twins it increases to 70%
(11). Interestingly, a higher risk of diabetes concordance is seen in siblings of subjects who
develop diabetes at an earlier age (12,13).

On the other hand, the HLA DQB1∗0602 allele, associated with HLA-DR2, appears
to confer protection against the disease and is present in approximately 20% of Caucasians
and less than 1% of children with diabetes (14). The protective effect of DQB1∗0602 is
seen even in subjects with evidence of pancreatic autoimmunity (positive ICA or GAD
antibodies) as well as in the presence of high-risk DR3 and DR4 alleles (15). In these
subjects, progression to diabetes, or even loss of first-phase insulin release (FPIR), is
unusual.

While genetic screening for T1DM has focused on MHC-linked genes located on
chromosome 6p21.31, also known as the IDDM1 locus, other loci outside of the MHC
(HLA) region may also contribute to disease susceptibility. These loci, termed IDDM2
through IDDM18, include genes that are sometimes associated with other autoimmune
diseases such as rheumatoid arthritis, lupus and Graves’, while others appear diabetes-
specific. For example, the IDDM2 locus on chromosome 11p15 appears to correspond with
a variable number of tandem repeats (VNTR) (16), which regulates the levels of insulin
gene expression in the thymus—a mechanism that has profound effects on self-tolerance
to insulin (17).

NATURAL HISTORY

In many cases of T1DM, however, genetic risk alone does not appear to be sufficient to
initiate the autoimmune attack. Environmental factors, such as viruses, early dietary ex-
posure to milk proteins, vaccinations, and other factors are thought to possibly “trigger”
an autoimmune event in genetically susceptible individuals (18–23). Autoantibodies be-
come detectable in the blood of subjects who eventually experience insulitis and beta-cell
injury. The presence of multiple antibodies as well as their respective titers has been used
to predict the risk of developing hyperglycemia (24). This autoimmune assault appears
to occur months to years before the onset of hyperglycemia. Subjects who will go on to
develop diabetes usually transition through loss of FPIR, followed by glucose intolerance
and eventually frank hyperglycemia, and often ketoacidosis (25). Currently, the use of
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autoantibody numbers and titers, along with the loss of first-phase insulin secretion fol-
lowing an intravenous glucose tolerance test (IVGTT) are the most accurate methods for
predicting the future T1DM risk. Although T1DM does occur in adults, the peak incidence
for the disease is between the age of 11 to 15 years.

A number of studies have evaluated the changes over time in the metabolic status
of antibody-positive subjects prior to the diagnosis of diabetes (hyperglycemia). Much of
our understanding of the natural history of T1DM is gleaned from these trials. The largest
of these studies is the diabetes prevention trial in T1DM (DPT-1), which screened 84,228
first- and second-degree relatives of patients with T1DM for islet cell antibodies (ICA)
(26). Those that had ICA titers of 10 JDF (Juvenile Diabetes Foundation) units or higher
(3.7% of those screened) were further evaluated to (i) exclude the presence of the protective
haplotype HLA-DQA1∗0102,DQB1∗0602 (DR2), (ii) confirm ICA positivity, and (iii) test
for insulin antibodies. Additionally, they underwent testing of FPIR by IVGTT and oral
glucose tolerance test (OGTT). These assessments were then used to quantify their future
risk of developing T1DM. Subjects with a low FPIR on IVGTT (� 10% for siblings,
offsprings, second-degree relatives, or � 1% for parents, compared to a standardized mean
for a nondiabetic population), or impaired glucose tolerance on OGTT were estimated to
have a 50% risk of developing diabetes within the next 5 years (n = 339). They were
randomized to either close observation (control group) or intervention consisting of daily
low-dose subcutaneous insulin injections, plus a yearly IV insulin infusion. Subjects with
positive insulin autoantibodies, but no detectable metabolic instability were considered to
have a 25% to 50% 5-year risk of developing the disease and were offered inclusion in the
oral insulin trial. OGTTs were done every 6 months in order to detect the primary endpoint
of diagnosis of diabetes, and subjects were followed for a median of 3.7 years. Although
insulin treatment did not prevent progression to hyperglycemia in the DPT-1, the data from
this trial have significantly contributed to our understanding of the natural progression of
disease and potential screening tools to identify high-risk individuals.

Progression to diabetes appears to be marked by gradual deterioration in glycemic
control, but variable secretion of insulin, depending on age at diagnosis. From observations
of the DPT-1 cohorts, it appears that with the development of autoantibodies, plasma glucose
levels begin to gradually rise for up to 2 years prior to the onset of diabetes, with a more
marked increase in glycemia in 6 months preceding diagnosis (25). The rise in glycemia
in this cohort of the DPT-1 was accompanied by a fall in stimulated C-peptide (adjusted
for glucose levels), but a relatively fair preservation and in many cases even an increase in
basal C-peptide levels, possibly reflecting the development of some insulin resistance (27).
At diagnosis of diabetes in the DPT-1, levels of C-peptide tended to be higher than what has
been observed in clinical practice (28), probably due to more timely screening and earlier
detection of the metabolic abnormality. In most individuals, glucose intolerance by OGTT
was detectable prior to progressing to full-blown hyperglycemia.

Insulin secretion increases in adolescence, probably in response to the reduction in
insulin sensitivity brought on by puberty-related hormonal changes (29). Insulin resistance
in this group appears to peak at Tanner stage 3, returns to prepubertal levels by Tanner stage
5 (30), and is probably related to changes in growth hormone (31) and adrenal steroid levels
(29). Investigators have reported that insulin secretion in children at-risk for T1DM in-
creases both before and during puberty, probably reflecting an expansion in beta-cell mass,
and then decreases or remains stable during the adult years (32). While in high-risk adults,
a relative decrease in insulin secretion over time predicted the development of T1DM, this
was not the case for high-risk children and adolescents. Others have also documented that
stimulated C-peptide secretion increases in at-risk subjects who do not progress to T1DM
compared to no such change in progressors (33). It has been postulated that progression
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Figure 1 Model of change in beta-cell function in type 1 diabetes. The lines represented by a, b,
and c illustrate the fall in beta-cell function in individuals of increasing age (32). Abbreviation: LLD,
lower limit of detection (C-peptide of 0.03 pmol/ml).

to T1DM in children may be characterized initially by a failure to increase expected
insulin secretory capacity with age, eventually followed by loss of FPIR and metabolic
tolerance (34).

Another recent observation is the greater beta-cell mass estimated to be present at
diagnosis of T1DM, compared to historical reports. Previous studies of beta-cell mass at
diagnosis of T1DM reported values between 10% (pathologic anatomy) to 33% (stimulated
C-peptide) of normal (35,36), while more recent assessments estimate the functional resid-
ual capacity to be over 50% (37). Greater beta-cell mass is associated with both older age
at diagnosis and more aggressive glycemic control following the onset of hyperglycemia,
although the prolongation in beta-cell function from the latter appears to be temporary
(38,39). A number of researchers have documented better preservation of residual beta-
cell function in adults when compared to children (40,34), substantiated by the fact that a
higher percentage of subjects diagnosed at an older age have detectable C-peptide levels.
Presumably, adults have had time to fully mature their beta-cell mass, while children and
adolescents are still “building up” beta-cell volume. Rate of change in beta-cell function
(as a surrogate marker for beta-cell mass) following the diagnosis of diabetes has been
reported to be similar in children and adults in certain studies (32,37,41), although these
differences have not been found consistently. Some postulate that while loss of secretory
function following diagnosis may or may not be different between children and adults,
the initially greater beta-cell mass in those with older onset disease translates into higher
percentage of subjects with detectable C-peptide levels later on (Fig. 1).

LINK BETWEEN GENETICS AND IMMUNOLOGY

To better understand the association between HLA genes and autoimmune diabetes, and
specifically the IDDM1 locus, it is important to realize that approximately 40% of the
functional genes that have been identified in the class II section of the HLA locus encode
for proteins that are involved in the immune response. The MHC is classified into three
major sections termed class I, II, and III. Class I and II genes encode for an alpha (�)
and beta (�) heterodimers that form the cleft or pocket on antigen-presenting cells (APC),
where antigen is bound and presented to T lymphocytes. The amino acid sequences in
these pockets are variable (polymorphic), especially for class II molecules, giving them the
ability to bind to a wide variety of different peptide antigens. APCs such as macrophages,
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dendritic cells, activated T cells and B cells, use HLA class II molecules to bind peptides
derived from extracellular proteins and specifically present them to T-helper lymphocytes
(also termed CD4+ T cells, since CD4 is a molecule that is expressed on their surface)
(42). When the presentation of MHC-bound antigen by the APC to the T-cell receptor
(TCR) occurs in the presence of the appropriate coreceptors (i.e., CD4) and costimulatory
molecules (i.e., CD80/86 with CD28; CD40 with CD154) (43), the T helper cells become
activated and subsequently elicit an immune response through the release of inflammatory
cytokines, the recruitment of cytotoxic killer cells (CD8+ T cells), and the production of
antibody by activated B cells (also known as plasma cells). HLA class I molecules on the
other hand are found on all nucleated cells of the body, bind intracellular peptides (such as
small pieces of viral peptides from infected cells) and present them to cytotoxic T cells,
also known as CD8+ T lymphocytes. Activated CD8+ T cells are capable of exerting
direct cytotoxic effects on their target cells. T cells, whether they are T-helper (CD4+) or
cytotoxic (CD8+) cells, are MHC-restricted, meaning that they can only be activated when
antigen is presented to them specifically bound to either HLA class II (for CD4+ T cells)
or HLA class I (for CD8+ T cells) molecules.

Disruption in the mechanisms of antigen presentation can result in either immune
deficiency or autoimmunity, depending on the specific abnormalities present. For exam-
ple, it has been observed that the amino acid at position 57 on the HLA-DQ beta chain
is associated with either risk for or protection from autoimmune diabetes (44). Specifi-
cally, when aspartic acid (Asp57�) is present at position HLA-DQA1∗0102/DQB1∗0602
(DR2), then the risk of developing autoimmune disease is low. On the other hand, lack
of aspartic acid at this position is observed for HLA DQB1 molecules associated with
diabetes risk, such as HLA-DQB1∗0201 (DR3-DQ2) and HLA-DQB1∗0302 (DR4-DQ8).
Variations in the MHC class II molecules have been linked not only to diabetes, but
also to various other chronic autoimmune conditions, such as multiple sclerosis, celiac
disease, rheumatoid arthritis, and narcolepsy. Although not entirely clear at this time, it
appears that the polymorphisms encountered in the beta chain of HLA class II molecules
expressed by APCs may influence presentation of autoantigens to T cells. Antigen presen-
tation is not only important for the induction of a normal immune response, but it is also
critical for the induction of immune tolerance, which is both centrally and peripherally
mediated.

TOLERANCE MECHANISMS

Central (based in the thymus) and peripheral (based in lymph nodes and the circula-
tion) tolerance mechanisms are essential in ensuring that mature lymphocytes can dif-
ferentiate between pathogens and self-antigen. Disruption of these tolerance mechanisms
can lead to autoimmunity to various organs and cells, and result in chronic autoimmune
disease.

Although not fully elucidated, mechanisms of central tolerance are beginning to
emerge. Thymocytes derived from bone marrow precursors will enter the thymus as
immature T cells, which do not yet have the surface markers, CD4 and CD8 molecules, that
specifically distinguish them. Within the thymus, a number of processes lead to the trans-
formation of these cells into differentiated lymphocytes that are either CD4+ or CD8+.
As lymphocytes mature, they undergo specific selection so as to eliminate (through clonal
deletion) T cells that have a greater affinity for self-antigens, and positively select lympho-
cytes that have weak affinity for self-antigens (45) (Fig. 2). Those cells that escape this
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Figure 2 Central mechanisms in the induction of tolerance (87).

central tolerance mechanism are then subject to regulation through peripheral tolerance
mechanisms.

The MHC–antigen complex is an essential component of the thymic selection (or
deletion) of lymphocytes and their eventual maturation into CD4+ or CD8+ T cells. Both
the expression of coreceptors, CD4 and CD8, and costimulatory molecules such as CD80/86
and CD40L, appear to be important in the selection of regulatory T cells and the deletion of
potentially autoreactive lymphocytes. Another important mechanism in the determination
of central tolerance is the expression and presentation of autoantigens in the thymic cortex
and medulla. Animal studies have clearly shown that specialized cells, called medullary
thymic epithelial cells (mTECs) and dendritic cells (46) are able to transcribe and express
proteins usually found in peripheral tissues, such as insulin, thyroglobulin, and myelin
basic protein (47–49), which have been associated with autoimmune T1DM, thyroiditis
and multiple sclerosis, respectively. The qualitative and quantitative expression of these
proteins by mTECs appear to, in part, determine the presence or absence of peripheral
immunological reactivity to them. For example, higher levels of expression of insulin
in the thymus, mediated by the INS-IDDM2 allele have been shown to be associated
with protection against T1DM (17,50). The autoimmune regulator (AIRE) gene found
on chromosome 21q22.3 (51) produces proteins, which are found predominantly in the
thymus as well as in lymph nodes, pancreas, and adrenal cortex, and have been shown to
bind DNA and variably activate the transcription of some of the peripheral tissue-specific
proteins expressed by mTECs (52,53). Loss of the AIRE transcription factor results in
autoimmunity to some of the organs and cells whose thymic expression by mTECs appears
to be regulated through the AIRE gene (54).

GENETIC SYNDROMES

The autoimmune polyendocrinopathy-candidiasis-ectodermal-dystrophy (APECED) syn-
drome, also known as autoimmune polyendocrinopathy syndrome type 1 (APS1), is an
autosomal recessive disease characterized by a classic triad of chronic mucocutaneous
candidiasis, hypoparathyroidism, and adrenal cortical failure. Mutations in the AIRE gene
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Table 2 Major Clinical Features
of the IPEX Syndrome (63)

Watery/bloody diarrhea
Failure to thrive
Type 1 diabetes mellitus
Hypothyroidism
Eczema
Hemolytic anemia
Thrombocytopenia
Lymphadenopathy
Hepatospenomegaly
Recurrent infections

are thought to be responsible for this syndrome, which is found in greatest frequency
among Iranian Jews, Sardinians, and Finns (55). Although T1DM is relatively uncom-
mon in APS Type1 (approximately 1% of affected probands), a publication on a series of
Finnish patients with APECED reported a 12-fold higher prevalence of diabetes compared
to the general population (56). The association between diabetes and both autoimmune
adrenal insufficiency and thyroiditis is considerably greater in patients with APS type 2,
also known as Schmidt syndrome (57), or Carpenter syndrome, so called when all the three
conditions are present (58). Autoimmune diabetes is present in 20% to 50% of subjects
with the APS type 2, and usually presents at an earlier age than either Addison’s disease
or thyroid disorders (59,60). As with classical type 1A diabetes, and similar to what is
seen in other isolated autoimmune disorders, there is clear evidence of both humoral and
cellular autoimmunity as manifested by the presence of organ-specific autoantibodies and
CD8+ predominant lymphocytic infiltration (60). Addison’s disease was also found to
be linked to HLA DR3 and DR4 haplotypes, both independently of its association with
T1DM (HLA DR3/DBQ1∗0201), and in the presence of ICA (HLA DR4/DBQ1∗0302)
(61). Because a family history of APS type 2 is rare, it may be prudent to periodically
screen patients who develop autoimmune organ damage for autoantibodies to other condi-
tions, or at the very least to closely monitor for signs and symptoms of other autoimmune
diseases.

The immunodysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX) syn-
drome is a rare, autosomal dominant X-linked condition affecting male children usually in
the neonatal period, characterized by early onset T1DM and severe enteropathy as well as by
autoimmune skin disease, hypothyroidism, and variable other autoimmune manifestations
(Table 2) (62–65). In the majority of cases, the condition is linked to mutations in the human
FOXP3 gene (66), which is thought to be an essential player in the regulation of T-cell
activation. Mutations in this gene result in deficiencies of T regulatory cells (CD4+CD25+
T-cells), which are essential in controlling the activity of antigen-stimulated T cells. The
relationship and similarities among these three autoimmune syndromes is illustrated in
Table 3 and Figure 3.

AUTOIMMUNITY AND TYPE 1 DIABETES

Studies of subjects with T1DM have shown an increased frequency of antibodies directed
against the beta cell (77%) as well as an increased frequency of thyroid (22%) and celiac
antibodies (5–7%) (67–69). Anti-adrenal (1–2%) antibodies are less commonly detected
(70), and usually result in low frequency of Addison’s disease (0.8%) (71). The risk for an
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Table 3 Features of the Autoimmune Polyendocrine Syndromes (62)

Feature

Autoimmune
polyendocrine

syndrome type I

Autoimmune
polyendocrinesyndrome

type II

X-linked
polyendocrinopathy,
immune dysfunction,

and diarrhea

Prevalence Rare Common Very rare
Time of onset Infancy Infancy through adulthood Neonatal period
Gene and

inheritance
AIRE (on

chromosome 21,
recessive)

Polygenic FOXP3, X-linked

HLA genotype Diabetes (risk
decreased with
HLA-DQ6)

HLA-DQ2 and HLA-DQ8;
HLA-DRB1∗0404

No association

Immunodeficiency Asplenism,
susceptibility to
candidiasis

None Overwhelming
autoimmunity loss
of regulatory T
cells

Association with
diabetes

Yes (in 18%) Yes (in 20%) Yes (in majority)

Common
phenotype

Candidiasis,
hypoparathyroidism,
Addison’s disease

Addison’s disease, type 1A
diabetes, chronic
thyroiditis

Neonatal diabetes,
malabsorption

autoimmune condition appears to extend to first-degree relatives of patients with T1DM,
who may benefit from periodic screening for diabetes as well as thyroid disease (72).

Screening recommendations for subjects with T1DM should take into account the
rates of positive antibodies and associated clinical disease, as well as the age of the patients.
For example, even though up to one-fifth of patients with autoimmune diabetes will develop
anti-peroxidase or anti-thyroglobulin antibodies, only 2% to 5% of patients with T1DM
develop autoimmune thyroid dysfunction, predominantly hypothyroidism. The greatest risk

Thymus
PAE cell

PAE cell

T cell
Pathogenic 

T cell

Target
organ

T cell

Th2 cell

Regulatory 
T cell

Th1 cell Addison's disease

Environmental activation 
Innate immunity

Peptide of target organ

B cell

Autoantibodies

APCHLAT cell

AIRE 
APS-1

FOXP3 
XPID

Figure 3 Pathogenic model of autoimmune polyendocrine syndrome disorders (62).
Abbreviations: XPID, IPEX; PAE cell, peripheral antigen-expressing cell; APC, antigen-presenting
cell; Th2 cell, type 2 helper T cell; Th1 cell, type 1 helper T cell.
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is found in females and patients with a longer duration of disease (73,71). Interestingly,
linkage analysis studies in subjects with both T1DM and autoimmune thyroid disease
have revealed a significant contribution from HLA-DR3, but not from HLA-DR4 (74,75).
In children and adolescents, subclinical hypothyroidism may present with only subtle
findings, such as an increased frequency of hypoglycemic episodes, or a decrease in growth
rate (76,77) Currently, most experts would recommend screening patients with T1DM for
thyroid dysfunction at diagnosis, and periodically thereafter (every 1–2 years), even in the
absence of clear symptomatology, and possibly more frequently if thyroid antibodies are
positive. Screening can be done with a TSH level, and a free T4 level is obtained when
abnormal TSH levels are registered. Persistently elevated TSH values should be evaluated
and thyroid hormone replacement considered, with the goal of maintaining TSH levels
ideally between 1 to 2 mIU/L.

The prevalence of celiac disease in the United States is reported to range between
1:133 in low-risk groups (78) with prevalence rates approaching 5–7% in patients with
T1DM (69,79). The greatest risk is seen in females, those with a younger age of diabetes
diagnosis and those with thyroid disease (80). Celiac disease is an autoimmune condition
characterized by inflammation of the intestinal mucosa resulting in thickening of the villous
crypts and villous hypertrophy, and flattening of the mucosa. The classic features of celiac
disease include villous atrophy resulting in symptoms of malabsorption, such as diarrhea,
weight loss, fatty stools, abdominal discomfort, all of which respond, within a few months
to a gluten-free diet (81). The malabsorption associated with these pathologic changes can
lead to iron deficiency resulting in anemia, vitamin D, and calcium deficiencies leading to
osteoporosis and osteopenia, and vitamin B deficiency manifested through neuropsychi-
atric complications such as depression, anxiety, and seizures (82). Celiac disease is often
asymptomatic, at least in the early stages, and may only be subtly manifested by unexpected
glycemic variability, growth failure, and/or anemia. Screening for celiac disease should be
carried out periodically in children (83,84), and upon suspicious findings in adults with
autoimmune diabetes. This can be done by sampling serum for tissue transglutaminase anti-
bodies (preferred) or anti-endomysial antibodies (68). Patients found positive on screening
should consider undergoing a confirmatory small bowel biopsy. If disease is confirmed,
the patient should be referred for nutritional counseling and placed on a gluten-free diet.
Gluten, which appears to be the trigger for autoimmunity is a protein found in all forms of
wheat and other grains such as rye and barley.

Screening for gastric (pernicious anemia) or adrenal (Addison’s disease) autoimmu-
nity is not usually performed on a routine basis, since the prevalence of clinically significant
organ damage is relatively low. If clinical findings arise, then testing for autoimmunity with
anti-parietal antibodies (and intrinsic factor antibodies) and anti-adrenal antibodies (steroid
21-hydroxylase antibodies) would be warranted (85,70). The presence of autoimmunity
should be followed up by appropriate clinical evaluations and confirmation of end-organ
dysfunction.

SUMMARY

Type 1A diabetes is characterized by the loss of insulin secretion due to autoimmune
destruction of pancreatic beta cells, often presenting with diabetic ketoacidosis, and usually
requiring insulin replacement for survival. Genetic, environmental, and possibly other
unknown factors contribute to disease susceptibility. The DR3/DR4 alleles in the MHC
(HLA) complex have clearly been implicated in disease risk. Mechanisms of both central
and peripheral tolerance appear to play a role in the development of autoimmunity and may



OTE/SPH OTE/SPH

DK6222_c01 IHUS006-Jabour October 9, 2007 20:53 Char Count=

Pathophysiology of Type 1 Diabetes 11

in part explain the association of diabetes to other polyendocrine syndromes. Patients with
T1DM should undergo periodic screening to assess for the onset of thyroid dysfunction or
celiac disease.
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INTRODUCTION

A very large amount of clinical and basic research supports our current understanding
that there are two major types of diabetes, termed type 1 diabetes and type 2 diabetes. The
underlying pathophysiologic disease processes for these are usually thought to be markedly
different. The disease process in classical type 1 patients is believed to be autoimmune in
nature, whereas the disease process in classical type 2 is not autoimmune (1–3). In 1974, two
separate groups of investigators discovered that islet cell antibodies (ICAs) were common
in the sera of patients with type 1 diabetes, and this provided strong evidence that the �-cell
lesion of type 1 diabetes was autoimmune in nature (4,5); autoimmune �-cell destruction
leads to insulin deficiency; and circulating autoantibodies, such as autoantibodies to islet
cell cytoplasm and/or to glutamic acid decarboxylase 65 (GAD65; GADA) and/or to
the intracytoplasmatic domain of the tyrosine phosphatase-like protein IA-2 (IA-2A), are
markers of this process. However, in clinical practice, the diagnosis of type 1 and type 2
diabetes is made phenotypically using variables such as age at onset, apparent abruptness
of onset of hyperglycemia, presence of ketosis, degree of obesity (especially central and
intra-abdominal), prevalence of other autoimmune diseases, and apparent need for insulin
replacement. This clinical distinction is recognized to be imperfect (6,7). Our ability to
distinguish the type 1 versus the type 2 disease process also has limitations due to genetic
(8), immunologic (9), and functional complexity (10). There are no reliable markers for
type 2 diabetes and therefore the absence of markers or manifestations of type 1 diabetes
is frequently taken as indicating type 2 diabetes.

Before the recent exponential increase in childhood obesity, type 1 diabetes has been
the most common diabetes seen in Caucasian children of European descent, and the disease
process in these patients is almost always autoimmune. The diabetes that occurs in obese
children is frequently phenotypically type 2, but we and others have found a surprisingly
high frequency of islet autoantibodies in these children, which suggests a combination
of the type 1 and type 2 diabetes disease processes in some of these children (11–13).

17
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In contrast, in adults over the age of 40 in these same populations, both clinical type 1 and
type 2 diabetes occur (2,14). The type 2 diabetes is thought to be common in the older age
group, but the prevalence of the type 1 diabetes is unknown. Epidemiologic studies have
suggested that the incidence rate of type 1 diabetes peaks twice: once close to puberty and
again around 40 years of age (15), and it has been suggested that the overall incidence rate
of type 1 diabetes is approximately equivalent above and below the age of 20 (16). This
relatively high incidence rate of type 1 diabetes in adults is often not appreciated, probably
because of the more than 10-fold greater frequency of type 2 diabetes in this age group.

Soon after the demonstration of ICAs in type 1 diabetes, in a study by Irvine et al. it was
stated that ∼ 11% of patients with type 2 diabetes were also positive for ICAs (17); compared
to ICA− type 2 diabetic patients, this ICA+ subset of type 2 diabetic patients tended to fail
sulfonylurea therapy and needed insulin treatment earlier (17). Subsequently, several other
investigators have also identified a similar subset of phenotypic type 2 diabetic patients
who are positive for the antibodies commonly found in type 1 diabetes; this subset has been
variously termed—latent autoimmune diabetes in adults (LADA), type 1.5 diabetes, slowly
progressive IDDM, latent type 1 diabetes, youth-onset diabetes of maturity, latent-onset
type 1 diabetes, “double” diabetes, and antibody-positive non–insulin-dependent diabetes
(14,18–20). Although the different names have caused some confusion, the finding of this
subset of phenotypic type 2 diabetic patients by many different investigators rather than
just one or two groups confirms their existence as an important subset of diabetes. It is
believed by many that the autoimmune �-cell destructive process proceeds more slowly in
LADA than in classical childhood-onset type 1 diabetes, or the destruction may stop at a
“moderate” stage (6). But some patients may have more rapid progression to complete or
severe �-cell deficiency than others. In this review we will try to summarize the current
state of knowledge regarding LADA, emphasizing the similarities and differences between
LADA and classical type 1 diabetes. Some of the concepts expressed in this chapter have
also been included in prior publications from our group (3,14,20,21).

DEMOGRAPHIC AND CLINICAL CHARACTERISTICS

Epidemiological data demonstrate that LADA accounts for 2% to 12% of all cases of
diabetes (22,23). A prospective observation on the natural history of the ICA+ type 2
diabetes patients in Japan found that the characteristic findings in this country of “slowly
progressive insulin dependent diabetes” included a late-onset, a family history of type 2
diabetes, a slow progression of �-cell failure over several years with persistently positive
low-titer ICA, and incomplete �-cell loss (24). Similar presentations have been described in
various other countries including Australia, Finland, New Zealand, the United States, Hong
Kong, Korea, China, Mexico, and Sweden (25–28). The clinical onset of LADA may be less
dramatic (25,29), the clinical recognition not always easy, and a type 2 diabetes phenotype
not clear-cut; as many as 50% of “nonobese type 2 diabetes” may be late-onset type 1
diabetes (24). The typical patient, however, is generally � 35 years (age at onset 30–50
years), nonobese (lower body mass index, BMI), the diabetes is often initially controlled
with diet, but within a short period (months to years), dietary control fails requiring oral
agents, and progression to insulin dependency is more rapid than in antibody-negative,
obese type 2 diabetes subjects. The eventual clinical features of these patients include
weight loss, ketosis proneness, unstable blood glucose levels, and an extremely diminished
C-peptide reserve (24); in retrospect, these subjects possess additional classical features of
type 1 diabetes, viz., increased frequency of HLA-DR3 and -DR4 and ICA positivity (30).
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A major question facing the diabetes community is whether all autoantibody-positive
diabetes is due to the same pathophysiologic disease processes. Is autoimmune diabetes
in adults due to the same underlying disease process as childhood type 1 diabetes or do
some patients with autoimmune diabetes in adulthood have a distinct form of autoimmune
diabetes compared to classical childhood type 1 diabetes? We have discussed some of these
nomenclature issues in an editorial (31), and phenotypically we see at least three separate
populations of autoimmune diabetes in adults: LADA, adult-onset type 1 diabetes, and
obese patients with phenotypic type 2 diabetes who are antibody positive (type 1.5) (31).
The Immunology of Diabetes Society has recently proposed several criteria in an attempt
to standardize those patients referred to as having LADA. These criteria are patients should
be ≥ 30 years of age, positive for at least one of the four antibodies commonly found in
type 1 diabetic patients (ICAs and autoantibodies to GAD65, IA-2, and insulin), and are
not treated with insulin within the first 6 months after diagnosis. The latter requirement is
subjective and is likely to vary depending on the treating physician; it is, however, meant
to distinguish LADA and type 1 diabetes occurring in patients � 30 years of age (21,32).

The role of obesity and the degree of insulin resistance in LADA is another area
of controversy. Kahn et al. (33) demonstrated a curvilinear relationship between insulin
resistance and insulin secretion; normal �-cells compensate for insulin resistance by se-
creting more insulin, and the product of insulin sensitivity and insulin secretion is normally
a constant and this is termed as disposition index (34). The implication of this physiology
is that patients with insulin resistance will demonstrate hyperglycemia with a lesser degree
of absolute insulin deficiency compared to subjects who are insulin sensitive. Since LADA
subjects span the spectrum from lean to obese, differences in insulin sensitivity could be an
important variable in their physiology. Our group has recently documented that insulin sen-
sitivity, taking into account obesity (BMI), is not different in LADA and antibody-negative
type 2 diabetes (18).

HUMORAL IMMUNE RESPONSE

Antibody Positivity and Clustering

That the underlying disease processes in both LADA and classical type 1 diabetes is au-
toimmune is strongly supported by the presence of islet autoantibodies. However, there are
differences in antibodies in LADA and type 1 diabetes; this suggests potentially important
immunological differences between the two groups. All four islet autoantibodies—ICAs,
GAD antibodies (GADAs), IA-2 antibodies, and insulin autoantibodies—are common in
childhood type 1 diabetes; many type 1 diabetes patients are also positive for multiple
autoantibodies. Thus, antibody clustering is a characteristic feature of classic childhood
type 1 diabetes. In nondiabetic relatives of patients with type 1 diabetes, risk of future
type 1 diabetes is directly proportional to the number of autoantibodies positive (35–37).
For relatives with two or more of these autoantibodies, the risk of diabetes within 3 years
was 39% (95% CI, 27–52) and the risk within 5 years was 68% (95% CI, 52–84). Relatives
with three autoantibodies had a risk within 5 years that was even higher. The presence
of low first-phase insulin release further increased the risk for relatives with one or two
autoantibodies (36,37). ICAs and GADAs are also common in LADA, but IA-2 antibodies
and insulin autoantibodies are much less commonly seen in LADA than in type 1 diabetes
(20). As discussed earlier, type 1 diabetic patients are very often positive for multiple
(two or more) autoantibodies, whereas single autoantibodies are more common in LADA
patients (Fig. 1).
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Figure 1 Clustering of autoantibodies in autoantibody-positive patients. Numbers (%) refer
to the percentage of the antibody-positive patients who were positive for the respective antibod-
ies. Source: Reproduced with permission from Ref. 25.

It has been shown that high GADA levels remain for up to 40 years after diagnosis of
type 1 diabetes (38) in contrast to ICA, which falls after the diagnosis (39). There appears to
be an ethnic difference in GADA positivity with higher frequency in Caucasian late-onset
type 1 diabetes subjects than in adult-onset Asian type 1 diabetes patients suggesting that
the adult-onset diabetes in the latter groups is less likely to have an autoimmune component
to its pathogenesis or that different antigens (and by inference different autoantibodies) are
involved (40–42).

Autoantibodies and �-Cell Function

Many studies have shown that patients positive for GADA and/or ICA have a more rapid
decline in C-peptide, fail oral agents, and require insulin treatment earlier (43–48). In one
study (43) the positivity rate for GADA was as high as 23.8% in nonobese and insulin-
deficient patients with sulfonylurea failure, suggesting that autoimmune mechanisms may
play an important role in the pathogenesis of secondary failure of sulfonylurea therapy.
Another study (47) determined the prevalence of GADA and ICA in relation to �-cell
function in adults newly diagnosed with diabetes mellitus. The positive predictive values
for insulin deficiency of GADA and ICA were 39 and 78%, respectively. The sensitivity
of both antibodies for detecting insulin deficiency was 50%. The specificity for detecting
noninsulin deficiency was 85% for GADA and 97% for ICA. Positivity for both GADA
and ICA gave a specificity and positive predictive value for insulin deficiency of 99% and a
sensitivity of 50%. Later analysis of the United Kingdom Prospective Diabetes Study data
has also shown that the presence of both ICAs and GADAs was a stronger predictor of
insulin requirement than GADAs alone among patients older than 45 years of age (49).

After the diagnosis of the disease, probably in parallel with �-cell destruction
(23,37,38), ICA declines in type 1 diabetic children as the duration of diabetes increases.
ICA declines more rapidly than do IA-2As and GADAs (50). To clarify the relation-
ships between islet antibodies (ICA, GADA, and IA-2A) versus the progression of �-cell
dysfunction, Borg et al. followed a group of diabetic patients from their diagnosis at 21–73
years of age (51). Patients with ICA had high levels of GADA and/or IA-2 A at diagnosis
and more severe �-cell dysfunction 5 years after diagnosis than those with only GADA
in low concentrations. This 12-year follow-up study examined the further progression of
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�-cell dysfunction in relation to islet antibodies at and after diagnosis. In this prospec-
tive study of patients with adult-onset diabetes, almost all of those with GADA and/or
ICA at diagnosis of diabetes had developed complete �-cell failure (undetectable fasting
plasma C-peptide) 12 years after diagnosis. This was seen in patients of all ages. In this
context, isolated GADA positivity was associated with a slower development of �-cell
failure than positivity for multiple antibodies. Patients with isolated GADA positivity had
some preserved function 5 years after diagnosis of diabetes; however, most of them (80%)
had developed �-cell failure 12 years after diagnosis. Indeed, �-cell failure 12 years after
diagnosis was restricted to patients who were autoantibody positive at diagnosis. Among
patients antibody positive at diagnosis, the frequencies of ICA and IA-2A decreased 50%
from diagnosis to 12 years after diagnosis, whereas almost all patients with GADA at
diagnosis remained GADA positive during the entire study period of 12 years. This study
showed that GADA measurements may be performed many years after the diagnosis of
diabetes with preserved sensitivity. In addition, ICA developed many years after diagnosis
in some patients who were ICA− at diagnosis, and C-peptide declined more rapidly in
these patients than in those who remained antibody negative. This may argue for repeated
antibody measurements after diagnosis. This study very strongly argued for the importance
of conducting islet antibody measurements at or near the time of diagnosis in most patients
with adult-onset diabetes; islet antibody positivity very specifically identified all patients
with future �-cell failure.

Antigenic Differences Between LADA and Type 1 Diabetes

Other observations also suggest antigenic differences between LADA and type 1 diabetes.
The ICAs and GADAs found in LADA versus type 1 diabetes may differ. Seissler et al.
demonstrated that over 90% of ICA+ sera from type 1 diabetic patients was also positive
for GADAs or IA-2 antibodies; on the contrary this was observed in � 20% of LADA
patients (52). The investigators also found that the ICA staining in ∼ 60% of type 1 diabetic
patients’ sera could be blocked by GAD and IA-2; however, this was seen in a much lower
percentage of LADA patients, suggesting that antibodies to antigens other than GAD and
IA-2 are more prevalent in LADA (52). This raises the intriguing possibility that some
unidentified antigens are more commonly involved in LADA than in type 1 diabetes.

Another large study involving 569 type 2 diabetes subjects looked for possible asso-
ciations of GADA epitope specificity and clinical characteristics using GAD65/67 chimeric
molecules (53). Of the 11% of GADA-positive type 2 diabetic patients, ∼ 80% had antibod-
ies directed to both middle and COOH-terminal epitopes; these patients had a lower BMI,
lower basal C-peptide, and a higher frequency of insulin treatment than GADA-negative
patients. The 20% of GADA-positive patients with antibodies directed solely at the mid-
portion of GAD65 were phenotypically similar to GADA-negative type 2 diabetic patients
(53).

Using recombinant 35 S-GAD65/67 fusion proteins, we, in collaboration with Chris
Hampe and A

◦
ke Lernmark, investigated possible differences in epitope specificity of

GADAs in LADA versus type 1 diabetes. More than 90% of type 1 diabetes patients’
sera bound to the middle or COOH-terminal portion of GAD65; similar binding was seen
in only 65% of sera from LADA patients. In contrast, the NH2-terminal portion of GAD65
was recognized by 20% of LADA patients compared with 5% of type 1 diabetic patients
(54). We have found similar results using GAD65-specific recombinant Fabs in more recent
studies (55).

Epitope differences between LADA and type 1 diabetes have also been confirmed in
the slowly progressive insulin-dependent diabetes (Japanese equivalent of LADA). Using
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Figure 2 GADA IgG4 subclass distribution in patients with type 1 diabetes (n = 45) and in
patients with LADA (n = 60). Patients with an index below –0.05 are not shown in the figure.
The cutoff level for negativity was fixed at 0.06 (represented by dotted line). The median index
levels in each group are shown in the figure as –0.02 for type 1 diabetes and 0.02 for LADA.
Source: Reproduced with permission from Ref. 57.

GAD65/67 chimeric molecules, unique NH2-terminal linear epitopes in the GADAs of
slowly progressive insulin-dependent diabetes that did not react with sera of adult-onset
type 1 diabetes have been identified (56). These observations demonstrate heterogeneity of
GADA epitope specificity and suggest important differences between LADA and type 1
diabetes. Differences in the GAD antibody IgG subclasses also appear to exist in type 1
diabetes versus LADA. The IgG4 subclass of GADA was more frequent in LADA than in
type 1 diabetic patients, implying a greater TH2 or regulated immune response in LADA
(Fig. 2) (57).

T-CELL STUDIES

Type 1 diabetes is a T-cell–mediated autoimmune disease. Over the last few years, our group
has developed T-cell assays to measure reactivity to islet antigens in human type 1 diabetes;
one such assay called cellular immunoblotting uses proteins from human islets separated
into 18 different molecular weight regions using SDS-PAGE. An excellent sensitivity and
specificity was demonstrated by this assay in a recent, National Institutes of Health–Immune
Tolerance Network Workshop (58). The cellular immunoblotting assay has been used to
describe the T-cell reactivity of recently diagnosed type 1 diabetic patients to multiple
different molecular weight islet proteins (59), to describe the antigen spreading that occurs
during the prediabetic (type 1 diabetes) period (60), and to compare T-cell responses of
type 1 diabetes with LADA (61). T cells from both type 1 diabetes and LADA commonly
respond to four or more different molecular weight blot sections of islet proteins, whereas
normal control subjects and antibody-negative type 2 diabetic patients generally respond
to less than four blot sections (Fig. 3). But we have observed differences in the specific
blot sections stimulating T cells from type 1 diabetes versus LADA. Some blot sections
stimulate T cells from a high percentage of both type 1 diabetes and LADA patients. Other
blot sections, especially in the lower molecular weight regions, more commonly stimulate T
cells from type 1 diabetic than LADA patients (Fig. 4). These observations provide further
evidence for important antigenic differences between LADA and type 1 diabetes.
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Figure 3 Peripheral blood mononuclear cell responses of 12 normal control subjects, 12 type 1
diabetic patients, 9 autoantibody-negative (Ab–) type 2 diabetic patients, and 11 autoantibody positive
(Ab+) type 2 diabetic patients. The number of molecular weight regions positive for each individ-
ual is shown. The different symbols represent individual subjects. A positive response is taken as
SI � 2.0. Source: Reproduced with permission from Ref. 60.

Use of cellular immunoblotting assay on a relatively large number of phenotypic
type 2 diabetic patients has resulted in an interesting discovery. We have identified that
some patients who are negative for autoantibodies (GADAs, IA-2 antibodies, insulin au-
toantibodies, and ICAs) have T-cell responses to islet antigens similar to the responses
seen in type 1 diabetic patients (21). Like in the antibody-positive, phenotypic type 2
diabetic patients (LADA), these T-cell–positive but antibody-negative patients have a de-
creased stimulated C-peptide compared with antibody- and T-cell–negative phenotypic type
2 diabetic patients. We are currently investigating whether these antibody-negative, T-cell–
positive patients seroconvert to antibody positivity over time or remain a distinct subset of
autoimmune diabetes.
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Figure 4 Peripheral blood mononuclear cell responses of type 1 diabetic patients compared with
antibody type 2 diabetic patients (LADA). The percentage of subjects responding to each molecular
weight region is shown. A positive responses is taken as SI � 2.0. Blot sections correspond to
molecular mass regions � 200 kDa and � 14 kDa. ∗P � 0.05, significant differences. Source:
Reproduced with permission from Ref. 60.
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ROLE OF INSULIN RESISTANCE

Insulin resistance and decreased insulin secretion are the central pathophysiologic abnor-
malities in type 2 diabetes. Determinants of insulin resistance include several variables
including age, BMI, ethnicity, physical activity, and medications. However, the role of
insulin resistance and its contribution to the pathophysiology of LADA is controversial;
the degree of insulin resistance in LADA has been reported to be less than in type 2
diabetes and comparable to type 1 diabetes (62,63). We have recently compared insulin
resistance by using the homeostasis model (HOMA) in LADA, antibody-negative type 2
diabetes, and normal control subjects correcting for the effect of BMI. There was a positive
correlation of BMI with insulin resistance in all three groups. Insulin resistance was remark-
ably similar in both LADA and antibody-negative type 2 diabetes patients when corrected
for BMI (18).

GENETIC SUSCEPTIBILITY AND PROTECTION

Studies of both the animal models (the NOD mouse and the BB rat) and human type 1
diabetes confirm the presence of strong genetic control over both susceptibility to and
protection from clinical disease in type 1 diabetes. The greatest risk and protection is
conferred by the major histocompatibility complex region, HLA in humans; however, other
genes are also involved in the process. Similarities and/or differences at the genetic level
between type 1 diabetes and LADA would be of great interest (21).

HLA Associations

It is well established that HLA-DR3, -DR4, and -DQ�1∗0201 and 0302 confer increased risk
of type 1 diabetes. It is also known that other HLA alleles including DR2 and DQ�1∗0301
and 0602 confer protection against type 1 diabetes. An increased frequency of HLA sus-
ceptibility alleles has been observed in LADA patients (20,64), but whether or not there
are subtle differences between type 1 diabetes and LADA for specific alleles is contro-
versial (20,64,65). The most consistent HLA-related finding is a relatively high frequency
compared to type 1 diabetes of the protective allele DR2 and DQB1∗0602 in subjects with
LADA (66). One could, thus, possibly hypothesize that the type 1 diabetes disease process
is more aggressive resulting in clinical presentation at a younger age in individuals with
more susceptibility genes and less protective genes; and vice versa, the disease process
is less aggressive resulting in clinical presentation at older ages in individuals with less
susceptibility genes and/or more protective genes.

Another report suggested a relationship between HLA and insulin secretion in LADA
patients. Stimulated C-peptide was lower in ICA+ patients who were heterozygous for DR3
and DR4 compared to ICA+ patients who were DR3/DR4− (67).

Non-HLA Associations

Allelic variations at several non-HLA loci with increased risk for and protection from classic
type 1 diabetes have also been investigated in LADA patients. An increased frequency of the
cytotoxic T-lymphocyte antigen-4 (CTLA-4) genotype A/G is seen in both type 1 diabetes
and LADA, suggesting a similar role in both these types of diabetes (68). Similarly, allelic
variation in the variable number of tandem repeats of the 5’ region of the insulin gene
has been reported in both type 1 diabetes and LADA, but the relative risk associated with
the 1 S/S genotype was significantly stronger for LADA than for type 1 diabetes (69).
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Microsatellite polymorphism in the major histocompatibility complex class I chain–related
gene A (MICA) has been associated with different autoimmune diseases including type
1 diabetes. MICA5 is associated with type 1 diabetes under the age of 25 years, whereas
MICA5.1 is associated with both LADA and type 1 diabetes over 25 years of age (65,70).
Other associations reported include an allelic polymorphism within the promoter region of
the tumor necrosis factor-� (TNF-�) gene, and a significantly lower frequency of the TNF2
allele in LADA compared with type 1 diabetes or nondiabetic control subjects (71).

CORRELATIONS OF CLINICAL PARAMETERS, AND GENETIC,
METABOLIC, AND IMMUNOLOGIC VARIABLES

Clinical parameters, C-peptide levels, and islet cell–specific autoantibodies were evaluated
in 54 LADA (onset of diabetes above 35 years of age, the detection of any circulating
islet cell–specific autoantibody, and no indication for insulin therapy in the first 6 months
after diagnosis), 57 classical adult-onset type 1 diabetic, and 190 type 2 diabetic patients
(control group) (72). There were no differences in the various clinical parameters (lipid
profile, frequency of hypertension, BMI, and waist-to-hip ratio) in the LADA group and
the adult-onset type 1 patients. Although C-peptide levels did not differ at onset, they
decreased less rapidly in the LADA group. There were no differences in the prevalence of
predisposing HLA genotypes between these two groups; an increased DR3 DQ�1∗0201 and
DR4 DQ�1∗0302 was found in LADA and adult-onset type 1 diabetes groups compared to
controls. Data on the protective alleles DR2 DQ�1∗0602 was, unfortunately, not presented
in the study. Single autoantibody (ICA or GADA) positivity was more commonly seen in the
LADA patients compared to adult-onset type 1 diabetes patients where a higher frequency
of multiple autoantibodies was demonstrated. A similar difference in the autoantibody
pattern was found comparing the newly diagnosed LADA with new childhood-onset type
1 diabetes. Further, the ICA positivity documented at onset disappeared in six patients
having LADA with longer disease course. This observation may suggest that the tendency
of ICA to disappear with increasing disease duration is similar in LADA and type 1 diabetes
(73,74).

From the metabolic standpoint, it is assumed that loss of �-cell function is slower in
autoimmune diabetes in adults than in childhood type 1 diabetes but faster than in classical
antibody-negative adult-onset type 2 diabetes (31). However, some studies have shown
comparable declines in �-cell function in autoimmune diabetes in adults and type 1 diabetes
over the initial 2 to 3 years postdiagnosis (75–77). Interpretation of �-cell function data
might be complicated by the observations that �-cell dysfunction tends to be more severe at
diagnosis in younger children with type 1 diabetes, that intensive metabolic control slows
the decline in �-cell dysfunction in type 1 diabetes, and older, more obese patients would be
more insulin resistant and consequently would present with hyperglycemia with less �-cell
dysfunction. The LADA and adult type 1 diabetes patients reported by Hosszufalusi et al.
in the above study had similar phenotypes and hence probably similar insulin sensitivity
to explain their similar C-peptide levels at diagnosis (72). But the adult type 1 diabetes
showed a more rapid decline postdiagnosis compared to the LADA patients suggesting a
more aggressive autoimmune attack against their �-cells (31).

THERAPEUTIC INTERVENTIONS

Whether or not the mechanisms of the immunological damage to and destruction of the pan-
creatic �-cells is same in all patients with autoimmune diabetes has important therapeutic
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implications. Immunomodulatory therapies, such as anti-CD3, have been identified to be
efficacious in modulating the type 1 diabetes disease process (78). Because LADA is more
common than classic childhood type 1 diabetes, it will be interesting to see whether these
treatments are similarly effective in LADA.

Parenteral insulin therapy has been shown to protect against type 1 diabetes; this is
observed in the NOD mouse, the BB rat, and in pilot studies in humans (79,80). Part of
the mechanism underlying the protection in the BB rat appears to be due to a metabolic
effect of insulin, and the protection provided by insulin in the BB rat is disease-specific
(81). Insulin therapy begun early in life in the NOD mouse also protects against type 1
diabetes (82–84), and here the mechanism of protection is, at least in part, mediated by an
immunologic effect of insulin. Early and aggressive insulin treatment of newly diagnosed
type 1 diabetes patients, including short-term treatment with an artificial pancreas, has
been shown to result in an increased frequency of remissions and higher C-peptide levels
months to years later compared to conventional treatment (85). The Diabetes Control and
Complications Trial (DCCT) provided the strongest data in man to suggest that parenteral
insulin may slow or inhibit the type 1 diabetes disease process by a metabolic effect. A
subset of patients with a higher initial C-peptide reserve, when randomized to intensive
therapy, maintained significantly higher levels of C-peptide for a longer period of time
compared to similar patients randomized to conventional therapy (86,87). The protective
effect of intensive therapy on �-cell function is unlikely to be mediated by an immunologic
effect of insulin since similar doses and types of subcutaneous insulin were received by the
patients in both intensive and conventional treatment groups. It is much more likely that
reduced glucotoxicity in the intensively treated subjects preserved �-cell function compared
to patients in the conventional treatment group (87).

These above observations in type 1 diabetes provided the framework for two studies
from Japan, in antibody-positive type 2 diabetes patients (86). The protective effect of
insulin versus sulfonylurea on �-cell function in ICA+ and in GADA-positive phenotypic
type 2 diabetes subjects was assessed. Both studies showed better preservation of � cell
function with insulin compared to sulfonylurea (88,89). Unfortunately, the Diabetes Pre-
vention Trial—Type 1 (DPT-1) did not confirm the beneficial effect of parenteral insulin
on the type 1 diabetes disease process (90). The divergent findings could be explained by
any of several variables, including disease severity at the time of recruitment to the study
(established diabetes versus high-risk subjects), age, disease subtype (LADA or classical
type 1 diabetes), and ethnic background (Japanese or North American). Although surprising
and disappointing, given the ability of parenteral insulin to prevent diabetes in the animal
models and in small human pilot trials (91), this DPT-1 result emphasizes the necessity
for basing treatment decisions in humans on properly designed and executed human trials.
In our opinion, insufficient data currently exists to recommend insulin over other forms of
therapy for Caucasian patients diagnosed with LADA.

The administration of GAD in a vaccine-like regimen has been reported to preserve
C-peptide in a pilot study in LADA patients (92). Subsequently, the same dose of GAD
administered twice, but 28 days apart, preserved C-peptide in classical childhood type 1
diabetes (93). Larger and more definitive studies to validate these early observations in both
LADA and childhood type 1 diabetes are underway and/or planned.

Based upon the apparent antigenic differences between LADA and type 1 diabetes
that have been observed, we have hypothesized that antigen spreading is more restrictive
in autoimmune diabetes in adults than in childhood type 1 diabetes (31,60) and that some
antigens may be more important in the type 1 diabetes versus LADA disease process and
possibly vice versa. Specific antigens could be more important for the autoimmune attack
against the � cells in childhood type 1 diabetes compared to autoimmune diabetes in adults.
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If this hypothesis is true, it has important implications for future immunomodulatory therapy
of autoimmune diabetes. The success of antigen-based therapies may depend upon whether
tolerance to that antigen has been lost and whether it can be restored. Treatment with some
antigens might be efficacious in both autoimmune diabetes in adults and childhood type 1
diabetes, such as the GAD treatment mentioned above, whereas other antigens might be
selectively effective in childhood type 1 diabetes or LADA.

The importance of the patient population with phenotypic type 2 diabetes but with
positive autoantibody markers of type 1 diabetes needs to be emphasized. Since the preva-
lence of type 2 diabetes is high and is increasing rapidly, even if only 10% are LADA
patients, this is a population of patients two to three times larger than the classical child-
hood type 1 diabetes patient population. Effective immunomodulatory therapy that prevents
diabetes or preserves residual � cell function in patients with autoimmune diabetes will be
an important development.

These are exciting times for the fields of autoimmunity and type 1 diabetes. Trans-
lating into clinical medicine the latest findings from basic research at the cellular and
molecular levels and from research in animal models is a major challenge (94,95). The
National Institute of Health and the Juvenile Diabetes Research Foundation International
are committed to a large clinical trials’ program with the task of testing the efficacy of
immunomodulatory therapy against the human type 1 diabetes disease process (94). This
program, termed type 1 diabetes TrialNet, consists of clinical centers in the United States,
Canada, Europe, and Australia, core laboratories, and a coordinating/data management
center. This program oversees and conducts immunomodulatory intervention trials for type
1 diabetes. Several interventions in different populations are currently being evaluated.
Future clinical trials under the auspices of TrialNet, the Immune Tolerance Network, and
other such organizations will continue until safe and effective immunomodulatory therapy
for human type 1 diabetes is found.

CONCLUDING REMARKS

Autoantibodies that are reactive to islet antigens are present at the time of diagnosis in
almost all patients with type 1 diabetes. Additionally, ∼ 10% of phenotypic type 2 diabetic
patients also are positive for at least one of the islet autoantibodies. They also share many
genetic similarities with type 1 diabetes. These similarities (genetic and immunological)
between LADA and type 1 diabetes strongly suggest that LADA, like type 1 diabetes, is
an autoimmune disease. But the antibody, T cell, and genetic differences between type
1 diabetes and LADA suggest the possibility that there are important differences in the
underlying autoimmune disease processes of type 1 diabetes and LADA. In LADA diabetes
occurs earlier in the �-cell–destructive process because of the greater insulin resistance; it is
also likely that some of the observed differences are due to age-related effects on the immune
system. Complexities arise also because of the variable definitions of LADA and type 1
diabetes, and consequently comparing the results of one study with another is problematic.
The recent definition of LADA suggested by the Immunology of Diabetes Society (32)
should help correct this problem. Intervention studies will provide the strongest data to
determine whether or not type 1 diabetes and LADA are different.. As immunomodulatory
therapies that slow or halt the type 1 diabetes disease process are discovered, testing these
therapies in LADA will be essential. If therapies are efficacious in both type 1 diabetes and
LADA, the genetic and immunological differences described earlier will be superfluous.
But if some therapies are effective only in type 1 diabetes, or in LADA patients, this would
constitute the strongest evidence for important disease process differences between type 1
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diabetes and LADA, and consequently accurately diagnosing type 1 diabetes versus LADA
would become clinically important (21). If so, providers would need to screen all type 2
diabetes patients to identify those with antibodies to offer treatment to them.
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Blood Glucose Monitoring: Glycated
Hemoglobin, Fructosamine, Meters,
and Sensors

T. S. Bailey
Advanced Metabolic Care & Research, Escondido, California, U.S.A.

The advances in diabetes care we see today are the product of years of technological
advances in glucose measurement and insulin replacement coupled with a fundamental
shift in the model of care—from provider-directed to self-management by the patient. The
major obstacle to the normalization of glucose levels in type 1 diabetes continues to be the
physiologic replacement of insulin. Chapter 5 in this book will discuss the latest strategies
for insulin therapy.

This chapter will focus on technological breakthroughs in measuring biochemical
markers of glucose control and their integration into the daily care of type 1 diabetes.
These techniques for glycemic assessment have the potential to be exploited by persons
with diabetes and those who care for them. However, all of this technology has yet to be
harnessed to automatically calculate and deliver the correct insulin doses (i.e., “closed-loop”
insulin therapy). Until such automation has been accomplished, there will be an increase
in complexity and a commensurate increase in the need for education for all involved in
diabetes care. For the near future, successful diabetes care will depend on educating and
engaging our patients to employ the most appropriate available methods.

HISTORY AND BACKGROUND TECHNOLOGY

The measurement of glucose dates back to the nineteenth century (1). Urinary glucose was
the first modality employed to monitor diabetes in patients. Technological advances by the
Ames Division of Miles Laboratories in the 1950s made earlier cumbersome methods (such
as Benedict’s reaction test, which required heating urine) obsolete. The company initially
developed a tablet-based method that produced a color change proportional to the glucose
concentration. This color change was compared to a color chart and a semiquantitative
estimation of glucose concentration was obtained. The technique was imperfect because
the renal threshold for glucosuria is higher than desirable blood glucose levels and varies
between individuals. Therefore, it detected only when glucose levels were already elevated.
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This method was initially used in doctors’ offices, but its application broadened to home
use by patients as well.

A major advance in the 1960s was the development of “strips,” where the enzymes
glucose oxidase and peroxidase were embedded into a solid, flat material (CliniStix R©

and Tes-Tape R©). A color change proportional to the glucose concentration was seen after
dipping the strip or tape into the urine. Later, Dextrostix R© strips were developed for glucose
measurement in blood. The technique was cumbersome (apply a properly sized drop of
blood, wait for a precise time, carefully wash, then blot) and the results were still interpreted
visually.

Around 1970, a meter that could electronically “read” the Dextrostix by reflectance
was first commercially introduced (2). This removed the subjective element where the user
determined his or her result by comparing the strip color to a color on a chart. Instead, with
a meter the result was indicated by a needle. Today’s readers may be surprised that for most
of the subsequent decades, this technology was promoted almost exclusively to health-care
professionals.

In the 1980s, this technology first became widely available to patients. The units were
designed to be portable and easier to use than previous models and competing companies
advanced the technology. These advances included a digital readout (rather than having to
read off the needle of a meter), an internal timer (rather than having to use the second hand
of your watch), and easier blood sample removal methods (e.g., wipe rather than blot).

This technology was a key enabler of the landmark Diabetes Complications and Con-
trol Trial (DCCT) (3) published in 1993, which unequivocally demonstrated the benefits of
intensive diabetes control compared with standard therapy on microvascular complications.
The intensively managed subjects in the experimental group in this trial administered three
or more insulin injections compared to one to two injections in the standard group. By trial
protocol, the experimental subjects were required to test glucose levels a minimum of four
times daily, while the control (standard care) subjects were encouraged not to check more
than once daily. The DCCT trial not only confirmed the hypothesis that improved metabolic
control is associated with lower microvascular complications, but also provided evidence
that frequent monitoring and insulin dosing could accomplish this glycemic improvement
safely.

The 1990s brought further refinements in glucose measurement. Reflectance meters
were challenged by newer electrochemical methods. These techniques also used enzymatic
reactions (predominantly glucose oxidase, but also glucose dehydrogenase or hexokinase).
However, instead of measuring a color change, they measured an electrical change by an
amperometric method. The amperometric method relies on the observation that electron
transfer driven by the chemical reaction is proportional to the concentration of glucose
present (4). This method allows smaller sample size and faster testing. Additionally, it
eliminates the need for removing the sample from the strip (i.e., no blotting or wiping) and
allows the blood to remain separate from the device (i.e., no cleaning required). In recent
years, technology to provide faster, more accurate tests with smaller sample sizes has made
numerous advances (5).

GLUCOSE MEASUREMENT ACCURACY

The performance standards for point-of-care testing of blood glucose have changed over
time as the devices improved. Initially, the FDA goal was ±15% (1986), but in 1993 the
recommendations were updated to ±5% (6). The international standard (ISO DIS 15197)
states ±20%, but ±20 mg/dL for glucose levels less than 100 mg/dL (7). A commonly used
analysis is the Clarke error grid (8). The Clarke error grid assigns a clinical significance to
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each measurement error (e.g., data from a device showing an elevation when the reference
device reads low would be assigned to region “C” because a patient might be led to
“overcorrect” for a false elevation in glucose) (Fig. 1).

When evaluating a continuous glucose monitor, such error grids need to be modified
because the direction of glucose movement must also be considered (8). Many factors can
affect the accuracy of glucose testing, but newer technology is helping to eliminate these.

One factor leading to testing errors is the requirement for user calibration of the
meter. This is usually accomplished by either entering a numerical lot code for test strips
or placing a physical “key” into the meter. If the meter is not properly “coded,” errors will
occur, many having potential clinical significance. Some of the current meters have cleverly
eliminated the need for this contrivance so the user is spared from the potential error of
improper coding (9). Essentially, all glucose meters have a “control” solution available to
verify the meters’ accuracy. This solution has a known value and the testing supplies are
packaged with the acceptable range of results for the meter. Users should periodically test
their device and replace it if the results do not fall within the specified range.

Environmental factors such as temperature, altitude, and humidity may also affect
the readings (10), as may hematocrit (11). Physical factors such as inadequate sample size
or sugar on the skin surface may also interfere (12). There are a number of medications that
may alter glucose levels (e.g., acetaminophen, ascorbic acid, mannitol), which may affect
the glucose measurements (13). Recognition of these interfering substances is of critical
importance in hospitalized patients with diabetes.

PLASMA VERSUS WHOLE BLOOD

Essentially, all samples for home glucose testing are whole blood. All meters were formerly
calibrated to reflect this and as such provided (approximately 12%) lower values than plasma
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references (14). When manufacturers changed over to plasma calibration, patients noticed
this and many initially preferred their older meters (because the values appeared lower).
Today, meters are almost exclusively plasma-based. However, this continues to be relevant
because many of the glycemic goals that were developed for patients were based on targets
designed when older whole blood–calibrated meters were in clinical use.

ALTERNATE SITE TESTING

Alternate site (i.e., nonfinger) testing is now widely available. Low-volume sampling with
a variety of improvements in collection technique (e.g., capillary action wicking and ability
to add additional sample over time) and decrease in specimen size requirement has enabled
this. This greatly increases the surface area of the body available to patients who test
frequently. For those, such as musicians, who use their fingers at work, this is a significant
advantage. However, since the measurements are made in a compartment more distal to
blood (i.e., interstitial fluid), there is an inherent delay. Figure 2 shows an example of this
(15).

This delay is of particular importance when glucose levels are rapidly decreasing
(which could lead to a false overestimation) or increasing (which could lead to a false un-
derestimation of actual glucose levels). Patients are instructed to perform standard capillary
testing when this is suspected. A situation similar to this occurs with continuous glucose
monitoring (CGM).

HbA1c TEST

Since the publication of the DCCT (3) in 1993, HbA1c test has been elevated from a
laboratory test to an actual patient outcome. This is justified by the strong association
of HbA1c elevation with microvascular complications. Diabetes complications occur too
slowly in most patients with diabetes to be studied as an endpoint in clinical trials of
new therapies. HbA1c, on the other hand, reflects ambient glucose levels in the past 1 to
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3 months. It is currently the most acceptable surrogate for predicting whether a therapy
being tested is likely to result in a reduction of the chronic complication of diabetes.

Following the publication of the DCCT, there was a movement to standardize the
various glycosylated hemoglobin tests that were being performed. The majority of testing
is now traceable to DCCT, thanks to the National Glycohemoglobin Standarization Pro-
gram (NGSP). However, the International Federation of Clinical Chemistry has long been
working on an improved assay which provides values that are up to 2% lower than the
NGSP values clinicians are accustomed to working with (16).

The results of changing HbA1c reporting methodology on HbA1c outcomes were
found in a study in Sweden. Because of a change in testing methodology patients’ glycemic
control appeared to improve after conversion to a test that reported higher values. Following
a subsequent change that reported lower values, patients’ glucose regulation deteriorated.
This happened as a result of the psychological effects of apparent worsening and im-
provement that was due solely to the reporting methodology (17). There is concern that
any change in reference range to values that are lower than those in current use will lead
similarly to worsening glycemic control.

Other proposed changes are to report HbA1c in terms of predicted mean glucose
levels or as DCCT risk equivalents. The optimal method to report HbA1c should allow
health-care providers to have a common goal level to work toward that is supported by the
large epidemiologic studies of diabetes complications.

OTHER BLOOD MARKERS

Proteins other than hemoglobin are glycosylated and have been investigated for possi-
ble utility in the management of diabetes. The best known non–HbA1c-glycated protein
is commonly called fructosamine. Fructosamine levels change with glucose levels more
quickly than do HbA1c. Although this has been available for many years from commercial
laboratories, it is not recommended for routine use in diabetes (18). A home-testing version
of this test was commercialized, but is no longer available. Weekly testing of this by patients
with type 2 diabetes was shown to have a beneficial effect (19).

1,5-Anhydroglucitol (AG) is a monosaccharide derived from eating a normal diet. 1,5-
Anhydroglucitol (commercially available as GlycomarkTM) levels are fairly constant with
normal glucoses. However, with hyperglycemia, glucosuria occurs and 1,5-anhydroglucitol
levels fall in proportion to the degree and duration of glucosuria. These changes occur more
rapidly compared to HbA1c and therefore may be useful to rapidly detect changes in
glucose control (20). In relatively well-controlled patients with diabetes, they may also be
a good index of postprandial hyperglycemia (21).

CGM

All those who treat patients with diabetes have on occasion been presented with the records
of a patient who, checking only once daily, “connects the dots.” This patient usually proudly
displays what appears to be a very stable, flat line glucose profile and may assume that
this indicates good diabetes control. That same person, checking glucoses more frequently,
invariably realizes that there is a great deal more variability that he had originally suspected.
Continuous glucose monitors increase the frequency of presentation of glucose values
to hundreds per day with consequent exposure of even greater, previously undetected
variability.
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The practice of glucose monitoring in patients with diabetes is now undergoing a
significant update. The increased sampling frequency allows “connecting the dots” so users
can now see the glucose trajectory following a meal or insulin and the changes in slope
of the curve (i.e., the change in velocity of glucose changes). This new information will
allow users to figure out what needs to change to improve control. The technology presently
has two distinct form factors: one where the biosensor is temporarily implanted into the
interstitial space (22–24) and another where the sensor is extracorporeal and interstitial fluid
is transported via microdialysis to make contact with the sensor (25,26). Fully implantable
systems which continue to function for months to years are being developed (27). The
specific details of each of these systems are beyond the scope of this book and are likely to
change over the next few years. This chapter will concentrate on the more general principles
of continuous monitoring.

The logistics of using a temporarily implanted interstitial continuous glucose monitor
is as follows:

1. A “sensor” is inserted through the skin into the subcutaneous space. The sensor is
inserted with little or no discomfort with an insertion device and measures glucose
levels for 3 to 7 days.

2. A “transmitter” is inserted into or attached to the sensor to send information
wirelessly to a “receiver.”

3. After a warm-up period of 2 to 10 hours (this varies by brand) during which the
sensor equilibrates to its surroundings, the monitor is calibrated with a standard
glucose meter.

4. The “receiver” receives the glucose information from the transmitter, processes it,
and displays the results on a screen in a variety of formats.

5. Periodically (most commonly twice daily), the monitor requests a recalibration to
compensate for possible “drift” of the sensor.

6. At the end of the sensor’s life, the device requests a change in sensor. The trans-
mitter and receiver are reused.

7. The information is stored in the “receiver” and can be uploaded to a computer for
later review by the user or a caregiver.

Figure 3 illustrates how one such CGM device (Dexcom STS) operates.
The underlying operating principles of the devices that are currently available and

in development in the United States are similar in that they rely on the enzyme glucose
oxidase to sense ambient glucose levels. However, they differ in ways that may influence
their performance. Following are the key areas in which they may be compared:

1. Catheter size and method of insertion.
2. Initial time to come into calibration (i.e., how long it takes to report the first

reading after sensor insertion).
3. Method of calibration. (It is important to realize that any error in the glucose meter

used to calibrate the continuous monitoring device will affect subsequent readings
by the device.)

4. Sensor drift (i.e., how frequently it will require recalibration).
5. Functional life (i.e., how often the sensor needs to be changed).
6. Regulatory clearance for meter replacement versus adjunctive use with a glucose

meter.
7. Lag time during rapid glucose changes. (This is mostly a characteristic of in-

terstitial versus blood monitoring. However, microdialysis devices may have an
additional delay due to the time required to reach the extracorporeal sensor.)
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8. Vulnerability to interfering substances. (The most commonly encountered is
acetaminophen.)

9. Sensitivity and specificity of low- and high-glucose alerts.
10. Usefulness of on-screen data display.
11. Availability of software to upload the data for more detailed analysis.

In the author’s experience, proper instruction on use of the data screens and how to
set the low- and high-glucose alerts improves the utility of the CGM. All monitors display
the most recent glucose reading on the initial screen. However, they differ in how the trends
are presented.

One approach is to display an upward-pointing arrow if glucose is rising and a
downward-pointing arrow if glucose is declining. If the rise or fall is more rapid, two
arrows may be shown. While this is useful and easy-to-interpret, it may be misleading. For
example, in a person with a glucose level of 70 and a decline in glucose of 59 mg/dL/min,
some monitors would display no arrows (i.e., potentially misleading the use to conclude
that glucose levels are stable, as the rate of change is � 1 mg/dL/min). However, this patient
may be at-risk for hypoglycemia that is not disclosed by such arrows alone.

Another approach is a line graph showing the glucose points plotted over the prior
1 to 24 hours. The 1-hour screen shows short-term trends clearly. However, reviewing
overnight glucoses is better accomplished by a longer (e.g., 9-hour) screen view. Data
periods exceeding 1 day are difficult to view on the small displays of these devices.

The trend graph provided by a continuous glucose monitor gives much more infor-
mation than what would be available from a standard glucose meter. When a standard meter
shows the blood sugar level to be “normal,” a continuous monitor can reveal whether this
“normal” reading is rapidly increasing or decreasing. For example, if the glucose is “90”
but the trend over the past 30 minutes has been a rapid decrease from “250,” the patient
could realize that a snack is required immediately to stop the rapid drop. It is important
to confirm all such findings with a standard meter reading, but the trend appears to be
generally reliable.

The educational curriculum for these patients will be different and more sophis-
ticated than standard glucose monitoring. For many patients, it may be as intuitive as
“stay between the lines.” However, scenarios such as “glucose normal but rising slowly
by 0.75 mg/dL/min,” “glucose high but falling rapidly by 2 mg/dL/min,” and “glucose
mildly low but rising by 0.5 mg/dL/min” represent situations likely to be encountered by
our patients and will form an important part of the training provided with these products.
Future investigations will validate the optimal patient approach to CGM data. Presently,
the common situations where continuous monitors appear to be helpful include unexpected
hypoglycemia and unanticipated glucose rises.

Unexpected hypoglycemia leads to the fear of hypoglycemia by both patient and
provider. This can present a significant barrier to the intensification of diabetes regulation.
Patients using continuous monitors can have early warning of this by setting alarms and
viewing their graphs.A consistent finding in studies evaluating continuous glucose monitors
has shown that there been a decrease in both hyperglycemia and hypoglycemia. An example
of this is illustrated in Figure 4. This shows an increase in glucose values in the normal
range (23). There are data to suggest that in patients with lower HbA1c values the primary
effect of continuous monitoring is to decrease the frequency of hypoglycemia (28).

Setting the low alarm in patients who have hypoglycemia unawareness (see Chap. 11)
may be one of the most important uses of this technology. During the day, a slow drop in
blood glucose, which could have led to mental impairment, might be detected and treated.
Similarly, during the night, the alarm could wake a person prior to a hypoglycemic event.
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Figure 4 Chart from Garg (23) showing less hypoglycemia during day (A) and night (B).

Patients with hypoglycemia unawareness may need to set the low alert to 100 mg/dL (or
higher) to successfully prevent hypoglycemia. Patients may initially be frustrated with
frequent alarms. However, the increased safety should outweigh any inconvenience.

A further refinement that has been used in some devices is a “predictive alarm.” This
uses the rate of glucose change and projects it linearly forward to alert the user a set interval
prior to when the algorithm predicts when glucose levels will go beyond chosen low and
high limits. Properly setting this type of alarm could reduce the risk of hypoglycemia not
signaled by arrows alone referred to above.

Unanticipated hyperglycemia is still handled by many patients using an approach
known as “sliding scale.” This refers to patients using infrequently sampled glucose levels
(which do not convey any information as to whether glucose is rising or falling) to determine
insulin doses (i.e., the higher the glucose, the higher the insulin dose). Experts now agree
that such a simplistic approach (i.e., without regard to residual insulin activity or direction
and rate of glucose change) is ill-advised (29).

However, a patient using a continuous monitor can perform a more sophisticated
variant of this (e.g., a “touch-up” bolus) safely. Patients may overtreat highs by “stacking”
(multiple insulin doses over a short time interval), which could lead to hypoglycemia.
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However, with patient education regarding the delayed onset and prolonged duration of
insulin activity, this does not appear to be a problem in author’s experience. A recent
multicenter randomized, controlled clinical trial demonstrated that by using continuous
monitoring technology for 12 weeks without extensive training there was a decrease in
HbA1c in subjects with relatively high baseline HbA1c levels (30). An additional benefit of
continuous monitoring is seeing the result of a miscalculation within minutes, potentially
prior to symptoms.

Using the continuous monitor as a guide to eating might seem obvious. However,
during our experience conducting clinical trials of continuous monitoring technology, we
found a near-universal surprise as to the magnitude of the glucose excursions following
meals. This led patients to deliver insulin boluses earlier and to choose fewer or different
meal carbohydrates.

Exercise is another situation where a continuous monitor can be of assistance. Current
monitors continue to function during exercise and may be of great help in assisting patients
with diabetes to keep glucose levels stable during vigorous activity. However, current
systems may not be stable during certain contact sports and cannot function fully submerged.

Drifting will occur with each sensor but some sensors may have less drift than others.
The effect of calibrating more frequently might intuitively appear to be beneficial, but
this has not been established for all systems. Many sensors are potentially vulnerable to
interference by acetaminophen so patients need to be warned about this common component
to many over-the-counter remedies.

It is important to remember that CGM is a new technology. While there is evidence
that it may replace standard testing for self-management (31), the current systems are
indicated for adjunctive use only. Therefore, a finger-stick glucose should always be taken
prior to treating a high value with insulin. This is particularly important during rapid
fluctuations, as this may be a time where there may be a significant lag period between
interstitial and blood glucose levels.

DATA MANAGEMENT

The recent advances in diabetes technology and therapeutics have greatly increased the
complexity of diabetes management for both patients and their care providers. While our
patients with type 1 diabetes can appreciate the benefits of CGM, advanced insulin pump
therapy, and newer noninsulin medications (such as pramlintide), what they really want
is an easier way to manage the disease. However, until further progress is made in islet
cell replacement (i.e., an “artificial” or transplanted pancreas), it is likely that diabetes data
management will grow in importance.

Prior to release of the results of the DCCT trial in 1993, health-care professionals
with an interest in diabetes were accustomed to practicing by “faith” in good control.
Their extensive personal experience led them to believe that patients keeping closer tabs
on their diabetes had fewer complications. The logbook has been an important component
of diabetes treatment since the sugar levels were tracked for the first time in the first young
boy treated with insulin in 1922 at the University of Toronto. Dr. Elliot Joslin of the Joslin
Diabetes Center in Boston promoted recording important events in a person’s life into a
diary so that both the patient and his/her health-care team could refer to it for treatment
decisions.

Figure 5 illustrates a typical logbook. As you can see, this may be difficult to read.
Apart from legibility or effort, most human brains are unable to quickly extract complex pat-
terns from mountains of data or inadequate data brought into a clinic. Research comparing
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Figure 5 Typical logbook.

written logs to the data (contained in the memory of meters) has also shown that many of
these values are altered or fabricated (32).

The logbook methodology is as follows:

1. Patients keep a record of everything that affects their blood sugar since the last
visit (insulin doses, foods consumed, activity, stress, etc.).

2. The diabetes care provider (during a visit frequently lasting a total of less than
15 minutes) reviews all of this data and gives advice and prescribes changes in
therapy for the patient to follow until the next visit.

3. The next visit is scheduled and steps 1 and 2 repeated at intervals depending on
the status of the patient.

4. Blood sugar levels improve significantly after each visit.

The DCCT used such logbooks and incorporated the requirement that subjects in
the experimental (“intensive”) group monitor their blood glucose a minimum of four times
(preprandially and at bedtime). Adjusting insulin doses based on these readings was initially
left up to the individual investigator. However, a consensus on insulin adjustment strategy
was promoted by Skyler (33) and had a wide influence. This form of data management
was validated by the DCCT investigators who maintained better control in the intensive
treatment group for the duration of the trial. This strategy of adjustment of insulin doses
based on a retrospective review of patterns seen in patients’ logbooks is now commonplace
in diabetes clinics (34).

With this approach, patients are offered advice based on observed patterns of failure.
For example, a patient on insulin who has consistently elevated glucose levels at bedtime
with acceptable predinner values might be instructed to increase the dose of rapid-acting
insulin or reduce carbohydrate intake at dinner. This may be a reasonable solution for
people with diabetes with a consistent lifestyle. However, to those with complex lifestyles
it offers little flexibility.

Retrospective review of glucose data identifies consistent miscalculations and insulin-
dosing errors but fails to provide timely advice to patients as a day unfolds. A prospective
approach incorporating techniques of carbohydrate counting, insulin dose “wizards” (cur-
rently available with insulin pumps), and CGM is preferable in motivated patients. However,
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Sample Smart Chart

A - Activity and exercise   B - Blood glucose readings   C - Insulin doses
D - Foods and carbs   E - Comments

Figure 6 Smart Chart image. (Courtesy of Diabetesnet.com)

the need for detailed and accurate records in such patients actually increases because the
patterns are more complex.

In this author’s experience, a provider’s failure to review patient-generated records
frequently leads to patients foregoing record-keeping entirely. A lack of records to review
leaves providers with little upon which to render advice. Additionally, patients and providers
may become frustrated with information overload in the context of clinic visits that are
too short to make sense of their records. The two approaches currently available to assist
with more effective data management are manual charting systems (Fig. 6) and automated
device uploading and charting. The remainder of this chapter will discuss how computer
technology can contribute to enhanced data management.

The first diabetes management software was created by Rodbard and colleagues in
the early 1980s (35) as glucose meters came into common use. Software from device



OTE/SPH OTE/SPH

DK6222_c03 IHUS006-Jabour October 9, 2007 20:56 Char Count=

Blood Glucose Monitoring 45

manufacturers and other independent developers subsequently appeared. Initially only
glucose levels were tracked. Presently medications, activity, and meals can also be entered.
Both PC-based and Internet software have been extensively reviewed (36, 37).

These software programs have the following common characteristics:

1. They upload glucose values from the glucose meter, insulin pump, or other device.
2. They create charts and graphs to enable detection of patterns.
3. They provide an accurate record of diabetes treatment activity that is stored in the

device.

Those who find keeping track of their money a hassle often benefit from a computer
program that assists them with their personal finances. Similar to the way a computer
organizes financial data, it can also organize blood glucose and other diabetes data. The
ability to upload data to a computer is nearly universal with today’s meters, pumps, and
continuous monitors. However, tapping into the information in a device requires a method
of transmitting it to the software that will store and analyze it.

All of the following methods have been utilized: (i) Connecting the device directly
to the computer with a cable (generally plugs in to a serial or USB port), (ii) infrared
wireless transfer, and (iii) radiofrequency (RF) wireless transfer (e.g., proprietary protocol
or Bluetooth R©). Some systems use one of the above methods to connect to a centralized
database without the use of a computer. The transmission may take place via the Internet,
cellular phone, or standard telephone lines (i.e., POTS).

Each device has a proprietary cable (or wireless transfer capability). This means that
a different cable is usually required for each brand or model you wish to upload. The
interface for each device is usually obtained from the manufacturer and usually comes with
software. With Macintosh computers there are fewer choices, as most software is designed
to work under Windows. The use of a centralized database system (e.g., MediCompass R©;
www.imetrikus.com) allows patients to upload glucose data from their home and health-
care professionals to view the data from their office. It also allows merging glucose values
from different meters (e.g., the meters the patient uses at home, at work, and at the gym)
and from different meter brands. Such integrated systems can also eliminate the switchbox
and cables that are required in offices that work with multiple devices (Figs. 7 and 8).

Although integrating data from multiple glucose meters is now well established,
there are far fewer choices to integrate the glucose data with data uploaded from insulin
pumps and continuous glucose monitors. With the increasing sophistication of insulin

Figure 7 Switchbox mess.
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Figure 8 MetrikLink. R©

pumps, the need for uploading the devices grows, since the information can no longer be
so readily accessed by punching the devices’ buttons. Insulin pumps with “smart” features
or “wizards” have encouraged patients to enter carbohydrate intake, providing yet another
important data point to examine. One barrier to uploading devices other than meters in a
busy clinic setting is time. Each such device can take up to 5 minutes to upload. As patients
can have multiple devices, the process can be time-consuming. This is a further reason
to encourage uploading of devices by patients at home prior to each visit. It is important
to remember that improved ability to upload data from devices is not the end but a new
beginning of the quest for optimal glycemic control.

There are many graphs that are useful to better understand blood sugar readings. The
standard (also referred to as “modal”) day graph arranges blood sugar readings from the
meter so it looks like a whole week or even months of values happen in 1 day. This chart
is important because it shows at what time of the day blood sugar levels are in or out of
control. This helps pinpoint where the problem is and clearly illustrates the times of day
where there is no information and more testing should be done. This chart also has a goal
area (the shaded area) so it’s easy to tell at a glance if a blood sugar value is too high, too
low, or within the goal range. Figure 9 shows an illustration of this graph. Breakfast and
lunch glucoses are in-range, pre-dinner glucoses are rarely checked, and evening glucoses
are frequently elevated.

Pie graphs with before-meal or after-meal blood sugar levels the percentages of time
blood sugar levels are high, low, or within the blood sugar goal range. These charges are
great motivational tools because they immediately show how well a patient is doing and
help keep him on track. They also can show how meals are affecting blood sugar. Figure
10 shows an example of a pie graph.

Figure 11 illustrates a glucose line graph. All glucose levels are graphed in chrono-
logical order in a glucose line chart. It lets you see long-term trends in blood sugar and
whether the values are in or out of goal range. If there is high variability in glucose levels
it may look like a seismograph. This patient appears to be improving over time.

Combining the glucose line graph with insulin data can be useful to recognize the
interaction of these components. Figure 12 shows these factors graphed together.
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Figure 9 Standard day graph.

Figure 10 Pie graph.

Figure 11 Line graph.
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Figure 12 Combo graph.

Descriptive statistics can be helpful to describe glucose datasets and complement
graphical charts. Mean glucose correlates well with HbA1c and looking at mean glucose
by time of day can be helpful (Fig. 13).

There is no consensus yet on the best metric to describe glucose variability. This is
likely to be of increasing importance as there are data suggesting that glucose variability
may be associated with oxidative stress (38), which may in turn lead to developing diabetes
complications. A simple approach to describing the variability is to use standard deviation
(SD). This has the advantage of being already available in most diabetes software. SD
reflects the spread around the average with a single number. You can calculate this based
on values from entire days or just specific times of day (e.g., before breakfast readings).
Dr. Irl Hirsch of the University of Washington created a useful and easy benchmark—the
SD multiplied by 2 should not exceed the mean. For super control, the SD multiplied by 3
should be less than the mean (39). If your SD is high, this means that better coordination
of meals, activity, and treatment might be needed.

There are other more sophisticated alternatives to SD. These include mean amplitude
of glycemic excursion (MAGE) (40), M value (41), J index (42), and mean of daily
difference (MODD) (43). Although these are more difficult to manually calculate, more
common use of computerized analysis will allow them to be used more easily.

The primary benefit of CGM is likely to be real-time use of the data. Uploading and
examining short-term stored data alone with the prior technology of Medtronic CGMS has
not been shown to be of consistent benefit (44). However, examination of this retrospective
data may be useful in selected patients. Patients with nighttime hypoglycemia and morning
high blood sugars pose a diagnostic and therapeutic challenge. The testing of overnight
glucose levels is not popular among patients. Determining whether this is due to the dawn
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Summary - Blood Glucose

Targets

All Unmarked

Pre Breakfast

Post Breakfast

Pre Lunch

Post Lunch

Pre Dinner

Post Dinner

Bedtime

Night

Marked

Total
#

Below
# In

Target
#

Above
%

Above

Avg
Tests/
Day Mean Min Max

Std
Dev

%
Below

% In
Target

227 3.7 155 65 20 87 120 8.8 38.3 52.9

2455 65 112 7 39 9 12.7 16.470.9

23 589

9 116

00 0 0 0 0 0  000 0 0

554 65 178 2 0 2 50.001 118 50.0

9858 77 133 8 10 40 69.017.29 139 13.8

3955 98 243 0 7 48  87.312.79 127 0

2555 76 175 3 31 21  38.256.49 130 5.5

00 0 0 0 0 0  000 0 0

00 0 0 0 0 0  000 0 0

00 0 0 0 0 0  000 0 0

Figure 13 Statistics chart.

phenomenon, Somogyi effect, or incorrect insulin dosing can easily be accomplished by
a continuous monitor. In patients who use an insulin pump this is a great way to test and
optimize the overnight basal insulin infusion rates.

The appropriate use of glucose data, both intermittent and continuous, is essential
to the optimal intensive management of diabetes. It has shown the potential to reduce
HbA1c, hyperglycemic excursions, and dangerous hypoglycemia. Proper training of the
patient in glucose monitoring and more consistent and meaningful review of the wealth of
retrospective data by the diabetes care provider are of critical importance. Integrating the
latest technology into the care of patients with type 1 diabetes will facilitate the prevention
of the long-term complications associated with hyperglycemia and help to reduce the
short-term risks of hypoglycemia.
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Diabetes Education, Nutrition, Exercise, and
Special Situations

Jo Ann Ahern
Animas Corporation, West Chester, Pennsylvania, U.S.A.

EDUCATION

Diabetes education is required for all who are diagnosed with diabetes regardless of kind
of diabetes or the age of the patient. Diabetes education does not ensure that patients will
follow instructions and do everything that they are asked to do. Education is necessary but
patients should be able to make the decision as to what they are willing to do to maintain or
improve their health. Educators need to remember that just because someone decides that
they will not follow directions for care, education was wasted. Everyone deserves to make
an informed decision. Diabetes self-management training (DSMT) should be reimbursed
as part of the care of the patient with diabetes since it is an enormous part of the treatment
plan.

The scope of practice for diabetes educators defines the specialty and provides a
framework for appropriate and effective practice of the specialty. This statement on the
scope of practice for diabetes educators is not a static set of rules and definitions; rather, it
is a fluid framework that adjusts to reflect the multidisciplinary nature of diabetes care, the
evolving body of knowledge and evidence for effective interventions, and the ever-changing
(and increasingly challenging) health-care environment.

DIABETES EDUCATOR’S SCOPE OF PRACTICE

All health-care providers need sufficient diabetes knowledge to provide safe, competent
care to persons with or at risk for diabetes. As management of diabetes becomes increas-
ingly complex, it is imperative that diabetes health-care professionals are well educated
and appropriately credentialed. Expertise in diabetes care develops through experience,
continuing education, individual study, and mentorship.

Diabetes educators use established principles of teaching and learning theory and
lifestyle counseling to help clients confidently and effectively manage the disease. Instruc-
tion is individualized for persons of all ages, incorporating cultural preferences, health
beliefs, and preferred learning styles of the client.

53
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Behavior change directed at successful diabetes self-management was formally
adopted as the desired outcome of DSMT in 2002 (24). Seven specific self-care behaviors,
known collectively as The AADE 7 Self-Care BehaviorsTM , along with five core outcome
measures, have been defined to guide the process of DSMT (25, 26).

The primary goal of diabetes education is to provide knowledge and skill training
that helps individuals identify barriers and facilitates problem-solving and coping skills to
achieve effective self-care behavior and behavior change. It is the position of the American
Association of Diabetes Educators (AADE) that all educators should measure the AADE
7 Self-Care Behaviors, both for individuals and in the aggregate, at least twice: pre- and
postintervention. The AADE 7 Self-Care Behaviors are listed below:

1. Healthy eating
2. Being active
3. Monitoring
4. Taking medications
5. Problem solving
6. Healthy coping
7. Reducing risks

Additional follow-up measurements are ideal and should be applied as appropriate
to the practice setting. By adopting the AADE 7 Self-Care Behaviors, educators are able to
determine their effectiveness with individuals and populations, compare their performance
with established benchmarks, and measure and quantify the unique contribution that DSMT
plays in the overall context of diabetes care.

AADE OUTCOMES MEASUREMENT STANDARDS

In the September/October issue of The Diabetes Educator (vol. 29, issue 5) AADE pub-
lished its position statement (1) on standards for outcomes measurement of diabetes self-
management education.

Seven diabetes self-care behavior measures determine the effectiveness of diabetes
self-management education at individual, participant, and population levels. Diabetes self-
care behaviors should be evaluated at baseline and then at regular intervals after the edu-
cation program. The continuum of outcomes, including learning, behavioral, clinical, and
health status, should be assessed to demonstrate the interrelationship between DSME and
behavior change in the care of individuals with diabetes.

Individual patient outcomes are used to guide the intervention and improve care for
that patient. Aggregate population outcomes are used to guide programmatic services and
for continuous quality improvement activities for the DSME and the population it serves.

PRACTICE OPTIONS

Three practice options, which may overlap, are available to health-care professionals who
choose to specialize in diabetes care:

1. Diabetes educator
2. Certified diabetes educator (CDE)
3. Board certified in advanced diabetes management (BC-ADM)
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These classifications are differentiated by educational preparation, formal creden-
tialing, professional practice regulations, and the clinical practice environment. It is the
position of the AADE that all diabetes educators work toward formal certification. The
diabetes educator and CDE are chiefly concerned with and actively engaged in the process
of DSMT. The BC-ADM incorporates skills and strategies of DSMT into the more com-
prehensive clinical management of people with diabetes. Differences in the preparation,
scope, and practice of diabetes educators (certified or not) and the BC-ADM may make dual
credentialing desirable for some. For example, a diabetes educator or CDE may also have
the BC-ADM credential, provided he or she meets the academic and practice requirements
for BC-ADM certification. Conversely, the BC-ADM may not necessarily be a diabetes
educator as defined here. A more comprehensive description of each classification is given
below (2).

Diabetes educators are health-care professionals who have achieved a core body of
knowledge and skills in the biological and social sciences, communication, counseling,
and education and who have experience in the care of people with diabetes. Mastery of
the knowledge and skills required to become a diabetes educator are obtained through
formal and continuing education, individual study, and mentorship. The role of the diabetes
educator can be assumed by professionals from a variety of health disciplines, including,
but not limited to, registered nurses, registered dietitians, pharmacists, physicians, mental
health professionals, podiatrists, optometrists, and exercise physiologists. The diabetes
educator is an integral partner in the diabetes care team.

The diabetes educator understands the impact of acute or chronic problems on a
person’s health behaviors and lifestyle, and on the teaching/learning process. Such appre-
ciation is essential for the development of a comprehensive plan for continuing education
and cost-effective, self-care management.

Members of the various health disciplines who practice diabetes education bring their
particular focus to the educational process. This widens or narrows the scope of practice
for individual educators as is appropriate within the boundaries of each health profession,
which may be regulated by national or state agencies or accrediting bodies. Regardless of
discipline, the diabetes educator must be prepared to provide clients with the knowledge
and skills to effectively manage his or her diabetes. Diabetes educators must possess a
body of knowledge that spans across disciplines in order to provide comprehensive DSMT.
For example, dietitians who are diabetes educators provide instruction for insulin injection,
insulin dosing, and medication side effects as well as providing nutrition counseling.
Exercise physiologists in the diabetes educator role may help clients develop a meal plan,
and pharmacists may provide counseling and instruction about foot care.

Diabetes educators may assume responsibilities beyond providing DSMT to individ-
uals. Program management; case management; clinical management; health-care consul-
tancy with other providers, organizations, and industry; public and professional education;
public health and wellness promotion; and research in diabetes management and education
are all important roles assumed by diabetes educators.

CDEs, in addition to fulfilling the requirements of a diabetes educator, meet the aca-
demic, professional, and experiential requirements set forth by the National Certification
Board for Diabetes Educators (NCBDE) (27). The NCBDE defines the criteria for certifi-
cation as a diabetes educator. As part of the application process, a diabetes educator must
document that he or she meets all the criteria for certification. An accepted applicant must
demonstrate competency in the required body of knowledge and skills by means of a written
examination. Certification is valid for a period of 5 years, and is maintained either through
repeat examination or through documented participation in relevant continuing education
activities every 5 years.
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BC-ADM is a credential available since 2001. The BC-ADM credential is the first
advanced-practice certification offered to members of more than one discipline. Nurse
Practitioners, Clinical Nurse Specialists, dietitians, and registered pharmacists may apply.
Recognizing that nonnursing health-care professionals participate in diabetes care, the task
force acknowledged the need for an advanced diabetes manager credential that includes
nutrition and pharmacy as well as nursing.

Four discipline-specific examinations are offered for the BC-ADM credential, re-
flecting the practice of comprehensive clinical management of individuals with diabetes.
Candidates must document at least 500 hours of recent advanced-practice diabetes care.
They must demonstrate skill in performing complete and/or focused assessments, recogniz-
ing and prioritizing complex data, and providing therapeutic problem-solving, counseling,
and regimen adjustments for people with diabetes.

The educational preparation required to take the exams is as follows: a master’s degree
in nursing is required for clinical nurse specialists and nurse practitioners, dietitians must
have a relevant clinical master’s degree, and registered pharmacists must have a doctorate
of pharmacy degree. Upon verification of eligibility, candidates sit for a discipline-specific
written examination administered by the American Nurses Credentialing Center (ANCC).
Certification is valid for 5 years. Recertification is by reexamination or through qualified
continuing education activities as defined by the ANCC. Additional information about
certification and recertification can be obtained directly from the ANCC (28).

The BC-ADM practice is characterized by autonomous assessment, problem identi-
fication, planning, implementation, and evaluation of diabetes care, within the guidelines
for BC-ADM practice set by the individual discipline. The process of using assessment
data to independently derive a diagnosis or problem list is a key distinguishing aspect of
BC-ADM practice. A diabetes care professional with a BC-ADM credential may or may
not be a CDE. As diabetes education is an integral part of diabetes care and management,
the professional with the BC-ADM credential necessarily incorporates aspects of DSMT
into his or her practice, either directly or through referral to another qualified diabetes
educator.

NUTRITION

The American Dietetic Association recommends a diet that emphasizes fruits, vegetables,
whole grains, and fat free milk. This diet includes lean meats, poultry, fish, beans, eggs, and
nuts. It is low in saturated fats, trans fats, cholesterol, salt, and added sugars. There is no
perfect diet for everyone and diet should be individualized for each person based on age,
activity, and preferences. My Pyramid can be found on the American Dietetic Association’s
website and the patient can input his or her own information and receive recommendations
for dietary consumption.

Carbohydrate counting is generally accepted as the “state of the art” in diabetes
management. Every patient with diabetes should be taught carbohydrate counting from the
onset/diagnosis of diabetes. Carbohydrate counting is easy and practical and anyone can
understand the concept. All food items have carbohydrates listed on the package somewhere.
Patients need to be taught to look at the total carbohydrates since this is the most critical
to blood glucose levels. Patients of any age are quite good at counting carbohydrates; even
the elderly are able to master this task. If patients understand how many carbohydrates to
consume, they are able to manage blood glucose levels and control weight. Women should
not consume more than 45 to 60 g of carbohydrate per meal and 15 to 30 g for snacks.
This should be individualized based on physical activity. If an elderly woman moves very
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little, she may need fewer than 45 g of carbohydrate per meal. If a woman is athletic, she
may need more than 60 g of carbohydrate per meal, but this is a good starting point. Men
need 60 to 75 g of carbohydrate per meal and 30 to 45 g for snacks. This also needs to be
adjusted based on the activity level and age of the man.

Carbohydrate, protein, and fat all raise blood glucose levels. Carbohydrate raises
glucose levels more quickly than protein or fat and usually has a peak effect of 90 to
120 minutes after the meal is consumed. Protein raises glucose levels closer to 4 hours
after the meal and fat closer to 8 hours after the meal. This is critical to know in order
to take the appropriate amount of insulin to cover the meal. Most insulin users have
an insulin:carbohydrate ratio. This means that they take a certain amount of insulin to
cover a certain amount of carbohydrate. They must be taught, however, the effect of high
protein meals and high fat meals. The average starting point for an adult is one unit of
insulin for 15 g of carbohydrate. This needs to be adjusted based on postprandial glucose
levels. If glucose levels 1 to 2 hours after the meal are greater than 180 mg/dL (3), the
insulin:carbohydrate ratio is not adequate. This, of course, is assuming that the preprandial
glucose level is 70 to 120 mg/dL and the person bolused at least 15 minutes before the
meal. Small changes can be made if the person is treated with an insulin pump as the pump
can be programmed with small changes of the insulin:carbohydrate ratio. If a person were
taking 1 unit/15 g of carbohydrate and was � 180 mg/dL 1.5 to 2 hours after the meal, the
insulin:carbohydrate ratio could be changed to 1:12. This would also need to be tested until
appropriate postprandial glucose levels are reached. If a person is consuming a large amount
of fat at the meal, the bolus may need to be increased and extended. When a person with
diabetes consumes a meal such as pizza, he or she will need to add extra carbohydrates to
their estimate and set a combination bolus with a percent given immediately and a percent
extended over several hours. My suggestion to patients eating a meal such as pizza is to add
20 to 30 g of carbohydrate to their estimate and take 70% before the meal and 30% over
the next 5 to 6 hours. This helps to cover the initial rise of glucose from the carbohydrates
and the later increase in absorption of the fat content. People usually continue to make
adjustments to this until they achieve success, that is, glucose levels less than 180 mg/dL
after the meal and 70 to 120 mg/dL before the next meal. A correction factor also needs to
be calculated into the bolus dose of insulin. The pump will also do this once the correction
factor/sensitivity factor is calculated for the patient. The patient would enter the glucose, if
it is not already there, and the pump will calculate the amount of insulin it takes to reach the
target glucose (my suggestion is 100 mg/dL for the target) so that the glucose comes closer
to the desired range. If a patient is on injections, it is more difficult to determine all these
calculations and draw them up in a syringe as you cannot calculate to an exact amount this
way. Most people have to do this on multiple daily injections, but the outcome is not as
good as it is with a pump simply because the dose is an estimate and not exact and syringes
can only measure down to 0.5 unit where pumps can measure all the way to the 0.05 unit
of insulin. It is simply not possible to duplicate this with injections.

When all is said and done, we simply eat too much in this country and this needs to
be addressed in our nutrition counseling. In a survey of � 2000 adults with diabetes, the
most frequently cited barrier to achieving self-management goals was adherence to diet
and exercise (4). We eat too much fat and not enough vegetables and fruits, and do not
exercise enough (5). Everyone is looking for the easy way out, a pill, that will fix it all for
them. We know that medical nutrition therapy does make a difference (6). Diabetes medical
nutrition therapy trials and outcome studies have demonstrated reductions in HbA1c of
approximately 1% in type 1 diabetes (3). When a health-care provider advises a patient on
weight loss (not just telling them they need to lose weight), patients are nearly three times
as likely to act on the recommendation (7). Patients are more satisfied with their interactions
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with health-care providers when they receive information, support, and resources, especially
when our messages are positive, nonjudgmental, and understanding of the difficulties of
changing behavior (8). Patients should be referred to a dietitian who is knowledgeable and
skilled in developing an individualized diabetes meal plan.

EXERCISE

Exercise is an essential part of any plan of care (9). It should be emphasized to all patients
with diabetes that this is as important as the other aspects of care. It is something that is
generally overlooked and not discussed in a busy office visit, but patients need to understand
the importance of this aspect of diabetes management. Patients often have a misconstrued
idea of what exercise is. They can incorporate exercise into their daily life. It does not
mean they need to join a gym or jog every day, though this would be good. They can take
the stairs instead of the elevator, park far away from the store or workplace so that they
have to walk further, wear a pedometer to work and get up and walk periodically, walk
for 10 minutes after lunch, go visit a coworker on a different floor or up the hall, stand
up at every commercial on TV and do some jumping jacks. These are all small ways to
incorporate exercise into daily routines.

Exercise training raises high density lipoprotein cholesterol, lowers blood pressure,
and leads to a 20 to 40% increase in insulin sensitivity by enhancing insulin action in
skeletal muscles (10). Therefore, all diabetic patients should be encouraged to engage in
30 minutes of modest aerobic exercise (such as brisk walking, aerobics, swimming, or
bicycling) three to four times per week. The intensity should be gauged to produce an
increase in pulse rate to 60 to 70% of maximum, which can be calculated as 220 minus age.
This level of exercise is referred to as “conversational exercise” because it is not intense
enough to prevent the patient from conversing with a partner during the workout.

Exercise usually lowers blood glucose levels. If someone is a real competitive athlete,
glucose levels will go up during competition due to adrenaline being released during this
activity. Many times, the same person will have a low glucose level at a practice but a high
one at a game even in the same sport. It takes a lot of insulin dose adjustments before normal
glucose levels are achieved with exercise. There are many ways to deal with this. First, do
the exercise without changing anything to see what happens. Many people prefer to take
their pumps off for exercise. This can usually be worked out if the sport is not too long,
like baseball or cross country running. If the patient is on injections, it is more difficult to
address, but a plan needs to be developed. This patient may need to lower the bolus prior to
the previous meal or snack or he/she may need to decrease the long acting insulin during
the sport season. This makes it difficult to figure out what to do if there is no exercise that
day as long-acting insulins (Lantus, Levimir) last for several days so changing based on the
same day simply does not work for the patient. He or she would probably need to increase
the fast-acting insulin on off days to counteract high glucose levels.

For athletes competing in sports, it is advisable to remove the pump during the sport
(if using a pump), but reattach it as soon as the sport is over and replace at least 1 hour of
basal insulin as a bolus. This will keep the glucose from rising within the first hour after
the sport is finished. The Diabetes Research in Children Network (DirecNet) studied this
and found that if the pump was kept on at the usual basal rate, hypoglycemia occurred,
but if it was removed, hyperglycemia occurred very soon after the exercise was completed
(11). Therefore, to prevent the hypoglycemia during exercise, pump should be removed or
basal decreased significantly, but insulin needs to be replaced soon after exercise to prevent
hyperglycemia. Exercise also cause delayed hypoglycemia in most patients with diabetes.
In order to prevent this, patients are instructed to decrease basal rate at bedtime to 70 to
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80% of their usual dose for 4 to 5 hours. This prevents nocturnal hypoglycemia in these
patients. It was shown by Bussau, et al., that a sprint at the end of practice or a game reduces
hypoglycemia due to increase in catecholamines (12). Since many athletes do this as part
of their sport, it is no wonder that they come off the field with extremely high glucose
levels that need to be corrected. Sprinting does raise glucose and many sports require
sprinting.

Health-care providers must recommend exercise to their patients. The success rate
is not very good for patients continuing an exercise plan, but if it is not discussed, the
success rate is even poorer (13). Exercise is extremely difficult to maintain as is diet but
if patients are not encouraged, they surely will not see any necessity for it. It should be
addressed at every visit as a part of the visit. Sometimes hearing things over and over does
eventually make a difference to a patient. Even if the motivation wears off, the patient
will usually follow a plan for a while and if they are seen every 3 months, they may have
more time that they exercise than they do not exercising. In a study at the Joslin Diabetes
Center located at the University Health Care Center in Syracuse, NY, patients were asked
to develop their own meal and exercise plan. At 2 and 6 months respectively, 89% and 92%
of the participants felt that they were following the meal plan either some or most of the
time. One hundred percent of respondents were able to determine their own exercise plan,
with 98% indicating they could adhere to the plan, and 85.7% felt that the new plan would
be easier than previous ones. At 2 and 6 months respectively, 70% and 73% felt that they
were following their exercise plan either some or most of the time. Individualized meal and
exercise plans can be successfully created by the patients themselves (14). In an integrative
literature review, Dr. Nancy Allen, examined the literature on diabetes research using social
cognitive theory (15) to determine its predictive ability in explaining exercise behavior
and to identify key interventions that enhance exercise initiation and maintenance. The
results showed that a statistically significant relationship between self-efficacy and exercise
behavior was found in correlational studies. Results from the predictive study support the
predictability of self-efficacy for exercise behavior. Self-efficacy (16) was predictive of
exercise initiation and maintenance over time. The evidence for successful interventions to
increase self-efficacy and exercise behavior over time was inconclusive (17).

In conclusion everyone is in agreement that exercise is an important and even essential
part of any diabetes management plan. It is also one of the most difficult parts of the regimen
for patients to adhere to.

TRAVEL

Traveling with diabetes is always an adventure. Many people have a job that requires travel
and many others travel for pleasure. If a patient is traveling on an airplane, he or she needs
to do the following according to the American Diabetes Association and the Transportation
Security Administration (TSA):

Notify the screener that you have diabetes and are carrying your supplies with you.
Please note that while TSA is not currently requiring a prescription label, it recommends
having the label available to identify the medication in order to expedite the security check-
point screening process. The following diabetes-related supplies and equipment are allowed
through the checkpoint once they have been screened:

� Insulin and insulin loaded dispensing products (vials or box of individual vials, jet
injectors, pens, infusers, and preloaded syringes) that are clearly identified with a
prescription label containing a name that matches the passenger’s name on his or
her ticket.
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� Other liquid prescription medicines such as Smylin, Byetta, or a Glucagon Emer-
gency Kit that are clearly identified with a prescription label containing a name
that matches the passenger’s name on his or her ticket.

� Note that essential nonprescription liquid medicines (such as regular insulin, where
in some states a prescription to dispense is not required) should be clearly labeled.

� Multiple containers of liquids and gels (including cake mate) to treat hypoglycemia.
If containers are more than 3 oz, then passengers need to declare these items to
security checkpoint personnel.

� Unlimited number of unused syringes when accompanied by insulin or other
injectable medication.

� Blood glucose meters, blood glucose meter test strips, continuous blood glucose
monitors, lancets, alcohol swabs, meter-testing solutions, and monitor supplies.

� Insulin pump and insulin pump supplies (cleaning agents, batteries, plastic tubing,
infusion kit, catheter, and needle).

� Urine ketone test strips.
� Unlimited number of used syringes when transported in Sharps disposal container

or other similar hard-surface container.

In addition to the information providers above, it is recommended that pas-
sengers review TSA’s 9/26/06 Q&A (PDF) (http://www.diabetes.org/uedocuments/
PersonswithDisabilitiesQuestionsandAnswers.pdf) regarding changes to liquids ban at air-
port security checkpoints.

Pump Wearers

Although insulin pump manufacturers indicate that pumps can safely go through airport
security systems, pump wearers may request a visual inspection rather than walking through
the metal detector or being hand-wanded. Note that this may subject you to closer scrutiny
or a “pat-down.”

� Advise the screener that the insulin pump cannot be removed because it is connected
to a catheter inserted under your skin.

� Insulin pumps and supplies must be accompanied by insulin with a label clearly
identifying the medication.

If You Experience Hypoglycemia During the Security Procedure

Immediately inform screeners if you are experiencing low blood sugar and are in need of
medical assistance.

If You Request a Visual Inspection of Your Supplies

You have the option of requesting a visual inspection of your insulin and diabetes associated
supplies. Keep in mind that

� you must request a visual inspection before the screening process begins otherwise
your medications and supplies will undergo X-ray inspection.

� you should separate your medication and associated supplies from your other
property in a pouch or bag.

� medications should be labeled so they are identifiable.
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� in order to prevent contamination or damage to medication and associated supplies
and/or fragile medical materials, you will be asked at the security checkpoint to
display, handle, and repack your own medication and associated supplies during
the visual inspection process.

� any medication and/or associated supplies that cannot be cleared visually must be
submitted for X-ray screening. If you refuse, you will not be permitted to carry
your medications and related supplies into the sterile area.

Contact TSA

If you have an immediate need while being screened, you should ask for a screener
supervisor. You may also contact the TSA contact center to report unfair treatment or to
obtain additional information by calling toll-free 866-289-9673 during the following hours
of operation (all times are Eastern Standard Time):

� Monday through Friday 8 a.m.–10 p.m.
� Saturday, Sunday, and Holidays 10 a.m.–6 p.m.

Complaints about discriminatory treatment (http://airconsumer.ost.dot.gov/
DiscrimComplaintsContacs.htm) by federal security screeners should be directed to
TSA. TSA accepts complaints by mail to Transportation Security Administration, TSA
Headquarters, 12th Floor, Room 1203 N, TSA-1, 400 Seventh St., SW, Washington, DC
20590.

In addition to filing a complaint with a federal agency, passengers alleging dis-
criminatory treatment by air carrier personnel (pilots, flight attendants, gate agents, or
check-in counter personnel) may download and print a complaint form and follow instruc-
tions provided by Department of Transportation’s (DOT’s) Web site (http://airconsumer.
ost.dot.gov/problems.htm). They should also notify their airline carrier. Other consumer
complaints may be directed to the Department of Transportation’s Office of Consumer
Protection Division, 400 Seventh St., S.W., Washington, DC, 20590, U.S.A. More infor-
mation on where passengers may file complaints for travel service problems, contact DOT
by calling 1-800-255-1111.

The association recommends packing at least twice the number of supplies needed
during travel, and bringing a quick-acting source of glucose to treat low blood glucose, as
well as an easy to carry snack such as a nutrition bar. Carry or wear medical identification
and carry contact information for your physician while traveling. It may also be helpful to
have contact information for a health-care professional available at your destination, and
be prepared to adjust medication when traveling in different time zones.

� You should separate your medication and associated supplies from your other
property in a pouch or bag.

� Medications should be labeled so they are identifiable.
� In order to prevent contamination or damage to medication and associated supplies

and/or fragile medical materials, you will be asked at the security checkpoint to
display, handle, and repack your own medication and associated supplies during
the visual inspection process.

� Any medication and/or associated supplies that cannot be cleared visually must be
submitted for X-ray screening. If you refuse, you will not be permitted to carry
your medications and related supplies into the sterile area.
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Contact TSA

If you have an immediate need while being screened, you should ask for a screener
supervisor.

In addition, blood glucose levels tend to increase while traveling in any mode, there-
fore, increase the basal rate by approximately 30% while traveling. If on injections, increase
the bolus doses and may need more doses during travel. When traveling across time zones
and wearing a pump, the time needs to be changed on arrival. This is essential to maintain
basal rates at the right times of day. If on injections with Lantus or Levimir, these need
to be adjusted by approximately 2 hr/day. If on NPH, it may need to be given as much as
3 hours earlier or later depending on the time zone.

If traveling to high altitudes, 3000 to 5000 m (10,000 to 16,000 ft), barometric
pressure decreases linearly with increasing altitude (18). Inspired Po2 at the summit of
Mount Everest (8848 m) is � 30% of that at sea level (19). Acclimatization refers to the
physiological changes that occur consequent to prolonged exposure to the hypoxia and
low barometric pressure of altitude, and it includes hyperventilation, with the resultant
respiratory alkalosis being reduced over time by compensatory renal bicarbonate excretion.
Although erythrocyte levels also increase, this occurs much more slowly, over the course
of several weeks (18). It is also important to note that acclimatization does not imply
normalization because, despite continued hyperventilation, alveolar Po2 levels remain well
below that at sea level even in fully acclimatized individuals.

Those who seem to do well and are successful on these climbs are those who are
in excellent control (HbA1c � 7%) and have no complications (20–22). Acute mountain
sickness can occur causing dizziness and nausea. This can effect glucose control. Symptoms
of acute mountain sickness may mask symptoms of hypoglycemia in some people with
diabetes (20). Diabetes control deteriorated in climbers consistently due to elevation and
decreases in temperature. Climbing requires much preparation and consideration of the
consequences.

Traveling should be fun and it should be an adventure, but to keep it that way, much
planning needs to take place. Patients should discuss travel plans with their health-care
provider well before taking the trip. This greatly reduces the risk of problems related to
travel in those with diabetes (23). Make sure that all the guidelines that the ADA puts forth
are followed. Always take twice as many supplies as necessary.

WEATHER

Most people with diabetes do not understand the effect of weather on blood glucose control.
When the weather is cold, glucose level may rise due to constriction of blood vessels. This
constriction decreases the absorption of insulin from the subcutaneous tissue. Sometimes
glucose level may drop during cold weather due to the amount of shivering that someone
does. Shivering decreases glucose levels due to increased metabolic rate. Hot weather tends
to lower glucose levels due to the dilation of the blood vessels. This helps the insulin to be
absorbed faster than usual. Glucose levels frequently drop in the spring when temperatures
begin to rise. This is something to be aware of so that it can be avoided or, at least, greatly
limited.

HYPERGLYCEMIA

If a patient is treated with an insulin pump and glucose levels are elevated to � 250 mg/dL
in the fasting state, the patient must be instructed to change the site immediately since he



OTE/SPH OTE/SPH

DK6222_c04 IHUS006-Jabour October 10, 2007 9:19 Char Count=

Diabetes Education, Nutrition, Exercise, and Special Situations 63

or she does not know how long insulin has not been infused for. If the patient is staying
at home, he or she can correct the glucose and wait 1 to 2 hours for it to decrease to the
normal range. If this does not happen, site needs to be changed immediately. The danger
of not doing this is ketoacidosis and it can be avoided with careful attention to glucose
levels � 250 mg/dL. At other times of the day, the correction should be made and glucose
retested in 1 to 2 hours to make sure that glucose is coming down into the normal range.
If moderate or large ketones are present or nausea, the correction should be doubled, as
patients are very insulin resistant in this stage of ketosis. I strongly suggest that the patient
then double the basal rate for 2 to 3 hours to bring the glucose back into the normal range
quickly. If hyperglycemia occurs in those on injections, they simply need to correct with
fast-acting insulin based on their correction factor.

SICK DAYS

When a patient with diabetes is ill, glucose levels tend to rise due to increased levels of
cortisol. If glucose levels are elevated and a patient is on a pump, basal insulin should
be increased by means of a temporary rate with an increase of 30 to 50%. If not on a
pump, more frequent doses of fast-acting insulin need to be given every 3 to 4 hours.
Some patients become hypoglycemic when ill. In this case, the temporary rate should be
decreased by 30 to 50% until glucose levels begin to rise. If glucose levels remain low
and insulin is discontinued for more than 1 hour, ketones can occur. If glucose continues
to drop despite decreasing or stopping insulin, and patient is nauseous and/or vomiting,
a small dose of glucagon (20 to 30 units) can be given to raise glucose level for a few
hours. This may keep someone out of the hospital and at home where they are much more
comfortable.

MENSTRUATION

In most women, glucose levels tend to rise the week before onset of menses. A different
basal rate can be set into the pump to accommodate this rise in glucose. The basal profile
can be changed back once menses begins. This makes life a little easier when the different
basal profiles are already in the pump so that the woman does not need to do it on a monthly
basis. If on injections, fast-acting insulin probably needs to be increased to cover meals
and higher glucose values before onset of menses. The basal insulin is difficult to adjust
because it takes a couple of days to equilibrate and this could cause hypoglycemia when
menses occurs.

SMOKING

Everyone is aware of the long-term effects of smoking and these are all increased in those
with diabetes. The acute effects of smoking are frequently overlooked. When someone
with diabetes smokes a cigarette, blood vessels constrict and insulin is poorly absorbed.
Most people who smoke grab a cigarette right after consuming a meal. This is extremely
problematic since the insulin is not getting absorbed well, but the food is. This leads to
high postprandial glucose levels. When smoking ceases, the blood vessels dilate causing
the patient to absorb insulin quickly. This happens after the food has been digested causing
subsequent low blood glucose levels. Patients who smoke with diabetes, therefore, have
very erratic glucose levels with many hypo and hyperglycemic episodes.
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MARIJUANA USE

Use of marijuana is similar to smoking cigarettes except it has the added effect of increasing
appetite so people eat more food and either forget to cover it with insulin or just do not
care. It is also difficult to detect hypoglycemia when high on marijuana.

COCAINE USE

When using cocaine, most people lose their interest in eating at all. They also forget to take
insulin and begin to care only about the next fix. This is tragic for anyone, but for someone
with diabetes it is particularly worrisome. If insulin is taken but the person does not eat,
hypoglycemia occurs. If insulin is ignored, ketoacidosis occurs. Both are worrisome and
scary.

ALCOHOL USE

Use of alcohol is tricky as well. This is the most commonly used drug. The problems with
alcohol and diabetes are as follows:

1. Drinking alcohol masks the symptoms of hypoglycemia.
2. While detoxing alcohol the liver will not perform its usual job of glycogenolysis.

If glucose falls dangerously low, the liver will not counter-regulate as it is too busy
detoxing the alcohol and this is its first priority. It is important to remember that
this is the one time that counter-regulation will not occur. Basal rates should be
decreased by approximately 20% when going to sleep after a night of drinking.
In this way, hypoglycemia is avoided. If a patient is on injections, a snack would
need to be consumed before going to sleep. More than two alcoholic beverages
should not be consumed by anyone but especially those with diabetes as it can be
much more dangerous for him or her.
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INTRODUCTION

Insulin is the cornerstone of pharmacotherapy for the estimated 0.73 to 1.46 million persons
with type 1 diabetes mellitus (DM1) in the United States. While the peak incidence of DM1
is around the time of puberty, about 25% of cases will present after 35 years of age (1).
As progressively more aggressive targeted glycemic, blood pressure, and LDL cholesterol
treatment strategies impact both microvascular and macrovascular diabetes complications
and comorbidities, there is an ever increasing need for effective insulin therapy strategies
for treatment of the individual with DM1. In conjunction with lifestyle and self-care
management, meticulous attention, by both the patient and the health-care provider, to the
insulin regimen prescribed through the use of either multiple daily insulin (MDI) dosing or
a continuous subcutaneous insulin infusion (CSII) pump will enable attainment of HbA1c
and blood glucose (BG) targets.

That an HbA1c of ≤ 7% can be achieved in the person with DM1 has been clearly
demonstrated in the Diabetes Control and Complications Trial (DCCT). Furthermore,
this study demonstrated that improved glycemic control with intensive insulin therapy in
patients with DM1 leads to graded reduction in retinopathy, nephropathy, and neuropathy
(2), as discussed in chapter(s) on complications (see Chaps. 8, 9, 10). The Epidemiology
of Diabetes Interventions and Complications (EDIC) follow-up study of DCCT subjects
has more recently demonstrated that intensive insulin therapy also reduces cardiovascular
morbidity and mortality (3).

As early as 1993, the DCCT research group recommended that intensive diabetes
treatment be instituted in most individuals with DM1, unless contraindications to doing
so existed. Furthermore, the DCCT demonstrated that intensive therapy is most effective
in preventing complications when introduced during the first 5 years of diabetes. In 303

67
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subjects with early DM1 and residual beta-cell function who were randomly assigned to
intensive or conventional therapy, those receiving intensive therapy were slower to lose
residual beta-cell function than the conventional therapy group (risk reduction 57%) (4).
In addition, intensive therapy in those with residual beta-cell function resulted in a lower
HbA1c, a 50% reduction in risk for retinopathy progression, and a lower risk for severe
hypoglycemia compared to those who received intensive therapy but did not have residual
beta-cell function. It seems abundantly clear that intensive therapy should be implemented
as early as possible, and be maintained for as long as possible in DM1.

The health-care provider must tailor an individualized insulin regimen for each person
with DM1 to enable targeted BG control. In order to be successful in this regard, it is
essential to have an understanding of the normal physiologic pattern of insulin secretion,
the currently available insulin preparations and safe and effective methods for both initiating
and adjusting the insulin therapy regimen. This chapter will provide a discussion of each
of these key elements of insulin therapy for adults with DM1.

PHYSIOLOGIC INSULIN SECRETION

While the person with DM1 has an absolute deficiency in ability to secrete insulin from the
pancreatic beta cell, it is helpful to understand physiologic insulin secretion as we prescribe
an insulin regimen to optimally meet the daily needs of the DM1 patient (5,6).

Basal Insulin

The normal concentration of insulin measured by radioimmunoassay in the peripheral
venous plasma of fasting humans who do not have diabetes is 0 to 70 �U/mL (0–502
pmol/L) (5). Basal insulin secretory profiles reveal a pulsatile pattern of hormone release,
with small secretory bursts occurring about every 9 to 14 minutes (7), superimposed upon
greater amplitude oscillations of about 80 to 150 minutes. The amount of insulin secreted
in the basal state averages 1 U/hr.

The Prandial Insulin Response

Meals, particularly those incorporating carbohydrates and/or other nutritional stimuli of
insulin secretion may induce up to a 4- to 10-fold increase in insulin secretion when
compared to the basal state, which usually lasts for 2 to 3 hours before returning to the
baseline. Rise in BG concentration following intravenous administration of glucose cause
a burst in secretion that peaks within 3 to 5 minutes and subsides within 10 minutes and
is known as “first phase” insulin release (FPIR) (8,9). If the BG concentration remains
high, then the rise in insulin secretion is sustained in a second-phase of insulin release.
The average amount of insulin secreted per day in a normal human is about 40 U
(287 nmol) (5).

Loss of pulsatile insulin secretion is one of the earliest signs of beta-cell dysfunction
in patients destined to have DM1 (10). By the time of diagnosis, beta-cell insulin secretion
is negligible to absent. Therefore, one should assume that the individual with DM1 has
absolute insulin deficiency and will always require exogenous insulin therapy to prevent
ketogenesis and uncontrolled hyperglycemia due to gluconeogenesis.

When prescribing insulin for the person with DM1, one will attempt to mimic these
physiologic basal–bolus patterns of insulin secretion. In order to safely and effectively do
so, the prescriber must have a sound knowledge of currently available insulins.
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TYPES OF INSULINS

With advances in recombinant DNA technology, it is now possible to produce large quan-
tities of insulin with an amino acid structure identical to that of human insulin using strains
of genetically altered Escherichia coli bacteria or yeast. All forms of insulin have identical
physiologic effects. Insulins differ in their rapidity of time to onset of action, the time from
subcutaneous injection to peak of action, and their duration of action (Table 1).

When insulin is injected, six monomers are associated in a hexameric form. The
time it takes for the hexamer to dissociate into monomers, which can be absorbed across
the capillary basement membrane is a strong determinant of the time of onset of action,
peak levels in the circulation, and duration of action. For example, regular insulin must
first dissociate into dimers, then into monomers, a process that takes 30 to 60 minutes
following administration of a subcutaneous shot. This phenomenon accounts for the need
to dose regular insulin 30 to 45 minutes prior to a meal if it is to attenuate the postprandial
glycemic excursion. On the other hand, rapid-acting insulin analogs dissociate more quickly
into monomeric form following injection. This results in their shorter time to onset of action
and ability to dose with the meal, or even at the end of a meal (11,12).

COMPONENTS OF THE PHYSIOLOGIC INSULIN REGIMEN

Insulins are divided for practical purposes into two broad categories, basal and bolus, based
on their pharmacokinetics. Physiologic insulin replacement attempts to mimic normal
insulin secretion patterns, and is used to meet an individual’s total daily insulin requirement
that consists of the sum of basal, prandial, and correction dose insulin requirements (13–15).

Basal insulin refers to exogenous insulin per unit of time necessary to prevent
unchecked gluconeogenesis and ketogenesis. It provides a constant background level of
insulin that controls BG overnight while the patient sleeps and between meals when they
are not eating and the meal bolus insulin action has waned. When dosed appropriately,
basal insulin should not cause hypoglycemia if/when the patient does not eat or ingests less
food than was anticipated during a meal. In treating DM1, basal insulin needs will most
commonly be met by: injection of once daily insulin glargine; once or twice daily insulin
detemir; or by rapid-acting or regular insulin delivered subcutaneously via an insulin pump.

The term bolus insulin incorporates both prandial and correction doses of insulin.
Bolus insulin is preferentially provided as one of the rapid-acting insulin analogs, e.g.,
aspart, glulisine and lispro, or may be provided as short-acting regular insulin. Prandial
or meal insulin refers to insulin which covers the postmeal glycemic excursion. Efforts
are made to match meal insulin doses to anticipated carbohydrate intake, which will be
achieved either by a consistent carbohydrate meal plan or by “carbohydrate counting.”
The latter refers to counting the number of grams of carbohydrate to be taken in a meal
and calculating an appropriate dose of insulin to take with the food. An individualized
carbohydrate to insulin ratio is based upon an estimate of known insulin sensitivity. (Further
details are discussed below in the section on pattern management.)

Correction- or supplemental-dose insulin is used to treat hyperglycemia that occurs
before or between meals despite administration of routine daily doses of basal and prandial
insulin, and is taken in addition to these standing doses. When the patient with diabetes is
ill or stressed, total daily insulin requirements commonly increase. This increase in insulin
requirement is a result of release of insulin counter-regulatory hormones, predominantly
cortisol and catecholamines, and to a lesser extent glucagon and growth hormone, which
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are released in the physiologic endogenous stress response. If correction-dose insulin is
needed at bedtime, it should be administered at a reduced dose compared to other times of
day to reduce risk of nocturnal hypoglycemia.

Patients with DM1 have absolute insulin deficiency and therefore require basal insulin
replacement at all times to prevent diabetic ketoacidosis (DKA), even when they are unable
to eat. Withholding basal insulin from the patient with DM1 results in a rapid rise in BG,
by as much as 29 to 60 mg/dL/hr, with accompanying onset of ketonemia in approximately
2 to 3 hours, leading inevitably to DKA (16).

Basal Insulins: Long-Acting and Intermediate-Acting Insulins

Even during an overnight fast, the normal pancreas continues to secrete insulin. Basal insulin
suppresses hepatic glucose production and ketogenesis and maintains near normoglycemia
in the fasting state. When administered subcutaneously, basal insulins have a delay of 2 to
6 hours from time of injection into the subcutaneous depot that determines their individual
time to onset and duration of action. In the setting of DM1, subcutaneous basal insulin is
most commonly used in combination with bolus prandial insulin doses administered prior
to each meal in the MDI regimen. Basal insulins for subcutaneous injection may be broadly
categorized into long-acting and intermediate-acting insulins. The salient features of each
of the currently available basal insulins (Table 1) will now be overviewed.

Long-Acting Insulins

Insulin Glargine (Lantus R©). Glargine is a recombinant human insulin analog. It differs
from human insulin in that asparagine at position A21 is replaced by glycine, and two
arginines are added to the C-terminus of the beta chain. Because of these changes, insulin
glargine is soluble in an acidic environment and forms a stable hexamer precipitate in the
neutral pH environment upon injection into subcutaneous tissue. The hexamer precipitate
allows for a delay in the onset of action and a constant release of insulin over a 24-hour
period with no pronounced peak (17). It thus serves to provide basal insulin action over the
course of a day. The mechanism of action of glargine is similar to that of human insulin, and
on a molar basis its glucose-lowering effects are similar to those of human insulin. Because
glargine is provided in an acid solution, it cannot be mixed with other forms of insulin as it
would alter their absorption profiles. Its acidity also accounts for discomfort with injection
in a small proportion (2.7%) of users (18). In clinical trials in patients with DM1, glargine
when compared to twice daily NPH insulin has been associated with a reduced risk of
hypoglycemia (particularly nocturnal hypoglycemia). Hypoglycemia is less likely to occur
with once daily glargine dosing when it is taken in the morning (19). In about 10% to 20% of
patients with DM1, glargine must be taken twice daily to provide 24-hour coverage of basal
insulin needs. In a smaller proportion of patients, there may be a modest peak approximately
2 hours after injection. In a comparison study between insulin glargine and detemir in adults
with type 2 diabetes mellitus (DM2), insulin glargine showed a better adjusted HbA1c than
that seen with insulin detemir (6.92% vs. 7.13%, respectively, p = 0.035) (20).

Insulin Detemir (Levemir R©). Also, a recombinant human insulin analog, detemir, which
has a 14-carbon fatty acid (myristic acid) covalently bound to lysine at position B29 and
threonine at position B30, is omitted. Fatty acid acylation enhances detemir’s affinity to
albumin. Albumin binding allows for a protracted duration of effect predominantly via
delayed absorption from the subcutaneous adipose tissue depot at the injection site (21,22).
Detemir’s duration of action is longer than that of neutral protamine Hagedorn (NPH)
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insulin (Table 1). In one study, a detemir dose of 0.29 U/kg provided the same effect as
0.3 U/kg NPH, but with a longer duration of action (16.9 hours vs. 12.7 hours, respectively)
(23). The duration of action for insulin detemir increases dose dependently from 5.7 hours
at a low dose (0.1 U/kg) to 23.2 hours at a high dose (1.6 U/kg) (23). Detemir’s duration of
action in some cases is less than 24 hours. This is particularly so when the total daily insulin
requirement is low (� 0.1 U/kg/day) as may be the case in DM1. Therefore in persons
with DM1, particularly those who are lean, detemir may need to be dosed twice daily to
effectively meet basal insulin requirements.

Detemir has been shown to effect glycemic control in several controlled noninferiority
clinical trials in DM1 patients on a basal-bolus regimen when used either twice or once
daily (24–27). Detemir is associated with less risk of hypoglycemia, particularly nocturnal
hypoglycemia when compared to NPH insulin (24–28).

Data have demonstrated consistently across clinical trials to date in DM1 that patients
treated with detemir have less weight gain than those using NPH (24–27). Data regarding
weight comparison for detemir versus glargine have not yet been published for DM1. For
DM2, it has recently been reported in a large observational (PREDICTIVE) study’s German
subgroup analysis that modest clinical weight reduction (0.8 ± 0.2 kg, p � 0.0001) was
observed when patients were transitioned from a glargine ± oral agent regimen to detemir
(29). In addition, less weight gain was observed when detemir was compared to glargine
for 26 weeks in a recent report from the 2006 International Diabetes Foundation meeting
in adults with DM2 (+1.3 kg vs. 2.6 kg, respectively) (20). The mechanism underlying
detemir’s modestly favorable weight effects have not been elucidated to date. It has been
suggested that enhanced activity in the brain may suppress appetite and/or that it may
exhibit greater effects in the liver than in the periphery, thus restoring a more physiological
mode of insulin action (30,31).

Intermediate-Acting Insulin

NPH insulin (Humulin R© N; Novolin R© N). NPH or isophane insulin is a crystalline sus-
pension of insulin with protamine and zinc. Combination with protamine and low con-
centrations of zinc enhance the aggregation of insulin into dimers and hexamers after
subcutaneous injection. A depot is formed after injection and the insulin is released slowly,
providing an intermediate-acting insulin with a slower onset of action and a longer duration
of activity (12–16 hours) than that of regular insulin. The duration of action of NPH insulin
is variable; rarely some patients may require only one NPH injection daily; while others
require three or more injections daily. NPH insulin is equipotent to the other basal insulins.
NPH has variable absorption and peaks both of which can predispose to hypoglycemia,
particularly when a meal is delayed or food intake is curtailed. For these reasons, NPH
insulin is not commonly used in an MDI regimen for DM1 (32).

Bolus Insulins: Rapid-Acting Insulin Analogs and Regular
and Inhaled Insulins

Rapid-Acting Insulin Analogs

Rapid-acting insulins are generally preferred as the bolus insulin of choice in intensive
glycemic control regimens. Their rapid time to onset of action allows injection immediately
before meals, whereas regular insulin must be given 30–45 minutes before meals to op-
timally match the glycemic excursions after a meal. The rapid-acting analogs glulisine
and lispro are also indicated for injection at the end of or up to 15 minutes following a
meal, which confers the potential for increased flexibility in meal scheduling and allows
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the person with DM1 to take the meal-time insulin following eating (11,12). This latter
feature is particularly useful when the caloric intake for a given meal is not certain, e.g.,
when eating out or when ill, as the analog may be dosed after the meal to match actual
carbohydrate intake.

Conversely, the one clinical setting in which rapid-acting analogs may not be preferred
is when they are to be given to meet all of the patient’s insulin requirements for a period
of time, e.g., during acute illness, or when nothing is to be taken by mouth after midnight
for a procedure the next day or when there will be a prolonged NPO period following
surgery after an insulin drip is discontinued. The rapid-acting analogs have a relatively
shorter duration of action (up to 4 hours) when compared to regular insulin. It is therefore
preferable to continue basal insulin or use an insulin drip under such circumstances when
at all possible. If this cannot be done, then rapid-acting insulin analogs must be dosed every
4 hours to prevent DKA, or the patient can take regular insulin every 6 hours until the usual
basal insulin regimen can be resumed. This consideration is more likely to be an issue of
concern in the hospital rather than in the outpatient setting. (Further discussed under sick
day adjustments below.)

A meta-analysis of 42 randomized controlled trials (involving 5925 patients with
DM1) that compared rapid-acting insulin analogs to regular insulin showed only a minor
benefit of the rapid-acting insulin analogs in terms of HbA1c reduction (33). A moderate
increase in the dose of basal insulin may be required when a patient is switched from
regular insulin to a rapid-acting insulin for premealtime dosing, in order to meet insulin
requirements between meals when the action of the rapid-acting analog has waned that
were previously being met by the tail of action of regular insulin.

Regular insulin and the rapid-acting analogs are equipotent. In clinical trials compar-
ing regular insulin to the rapid-acting insulin analogs, improvements in overall glycemic
control have been similar; however, the rapid-acting insulin analogs may be superior to
regular insulin in improving overall glycemic control when they are used via CSII (34).

The rapid-acting insulins are also particularly useful in addressing unexpectedly high
BG levels (e.g., between meals or in the setting of stress) because they will lower glucose
levels more rapidly and without the prolonged effect of regular (35–37).

The teratogenicity and long-term safety profile of rapid-acting insulins in pregnancy
are unknown, except for insulin aspart, which has been recently granted a category B
pregnancy rating for DM1 by the Food and Drug Administration (FDA) (38).

Insulin Lispro (Humalog R©). It is also of recombinant DNA origin. It is Lys (B28), Pro
(B29) insulin. The effect of this amino acid rearrangement is to reduce the capacity of
the insulin to self-aggregate in subcutaneous tissues, resulting in behavior similar to that
of monomeric insulin. This allows more rapid absorption from the subcutaneous depot
following injection. Given intravenously, the pharmacokinetic profiles of lispro and human
regular insulin are similar. Lispro was the first available rapid-acting insulin analog that
closely matches circulating insulin levels to the time course of the increase in plasma
glucose seen after ingestion of a carbohydrate-rich meal. Frequency of hypoglycemia is
lower with premeal lispro than with regular insulin (6.4 episodes/30 days vs. 7.2 episodes/30
days, respectively) (39). The rapid onset of action of insulin lispro is not blunted by mixing
with NPH insulin just before injection (40). A meta-analysis of patients with DM1 found
that the incidence of severe hypoglycemia was 30% lower in patients treated with insulin
lispro (n = 2327) when compared to regular insulin (n = 2339). Insulin lispro can also be
administered via external CSII pumps. Pharmacodynamically, insulin lispro has an onset of
glucose-lowering activity in 5 to 15 minutes and reaches mean peak plasma concentrations
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at 60 minutes when given SC. It has a duration of action of about 2 to 4 hours. After SC
administration, the half-life of insulin lispro is about 1 hour. Intermittent SC injections of
insulin lispro may be given within 15 minutes prior to or immediately after a meal because
of its fast onset of action (41).

Insulin Aspart (Novolog R©). It differs from human insulin by substitution of aspartic acid
for proline at position B28. This substitution also leads to a more rapid onset and duration
of action analogous to those seen with insulin lispro when compared to regular insulin.
Insulin aspart is administered by SC injection and is also approved for delivery via external
CSII pump. Insulin aspart has an onset of action of about 15 minutes. It is therefore given
immediately before meals (start meal within 5–10 minutes after injection). Insulin aspart
has a peak glucose lowering effect at 60 minutes and exhibits a duration of action of roughly
2 to 4 hours. The half-life of insulin aspart following SC injection is about 80 minutes (34).

On January 29, 2007 the FDA approved a pregnancy category B rating for insulin
aspart [rDNA origin] injection, indicating that adequate clinical studies of its use in pregnant
women have not revealed increased risks to the fetus. The approval was based on data from
a study conducted at 63 sites in 18 countries (n = 322), showing that changes in glycated
hemoglobin and rates of maternal hypoglycemia were comparable with insulin aspart and
human regular insulin. Although the study was not large enough to evaluate the risk for
congenital malformations, the use of insulin aspart compared with human regular insulin
yielded fewer preterm deliveries (P � .053), consistently low rates of major hypoglycemia,
a decreased risk for neonatal hypoglycemia (glucose � 2.6 mmol/L) requiring treatment,
and reduced risks to the fetus. Outcomes with insulin aspart are comparable to those of
human regular insulin.

Insulin Glulisine (ApidraTM). It is produced by recombinant DNA technology utilizing
a nonpathogenic laboratory strain of E. coli (K12). Insulin glulisine differs from human
insulin in that asparagine at position B3 is replaced by lysine and the lysine at position B29
is replaced by glutamic acid. Insulin glulisine may be mixed with NPH insulin (Apidra
should be drawn into the syringe first). Insulin glulisine is administered by subcutaneous
injection and can be used for administration via external CSII pumps. Insulin glulisine has
an onset of action of approximately 5 to 15 minutes, and also has a peak glucose lowering
effect at 1 hour. The apparent half-life of insulin glulisine after subcutaneous administration
is 42 minutes, compared to 86 minutes for regular human insulin. Intermittent SC injections
of insulin glulisine may be given within 15 minutes before to 20 minutes after starting a
meal (34).

Short-Acting Insulin [Regular Insulin (Humulin R© R; Novolin R© R)]

Regular Insulin. It consists of zinc insulin crystals in monomeric form in a clear solution.
After subcutaneous injection it tends to self-associate, first into dimers and then into
hexamers that must then dissociate prior to absorption as only the monomers and dimers
can be absorbed to any appreciable degree (42). This results in a 30- to 60-minute delay in
the time to its onset following subcutaneous injection, which practically speaking limits its
flexibility in terms of convenience of time of administration relative to meals for the patient.
Furthermore, since the peak glycemic response to a mixed meal is between 2 to 4 hours
after ingestion, regular insulin may peak too late to allow targeted control of postprandial
hyperglycemia (43). Finally, there is also a potential for hypoglycemia to develop as a
late sequelae some hours after a meal, due to regular’s longer duration of action, which
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often further limits ability to titrate it to tight postmeal BG goals. Regular insulin can
be administered via the intravenous, intramuscular, or SC routes, and it is used in CSII
pumps.

The onset of action of regular insulin (100 U/mL) after SC administration begins
approximately 30 minutes after injection with maximal effects occurring 2 to 4 hours later.
The apparent plasma half-life following SC administration is approximately 1.5 hours with
a duration of action of 6 to 8 hours. SC regular insulin must be given 30 to 45 minutes
before a meal to allow matching of the insulin action to the postprandial BG rise (34,44,45).

Regular insulin is approved for intravenous (IV) administration. When given IV, its
onset of action is within 15 minutes with maximal effects occurring 15 to 30 minutes after
injection. The plasma half-life of IV regular insulin is approximately 5 to 6 minutes and
its duration of action is 30 to 60 minutes. This short half-life and duration of action has
important practical implications. When a patient with DM1 is being treated with an IV
insulin infusion, e.g., for DKA, it is imperative to give the first shot of SC insulin at the time
of drip discontinuation with sufficient lag time prior to stopping the IV to allow time to
onset of the insulin that was given SC. This step must be taken, as there is rapid dissipation
of the IV insulin’s action when the drip is stopped, in order to prevent gluconeogenesis and
ketogenesis.

Finally, regular insulin has been developed for administration via inhalation (see
below) and is in product development for possible delivery as an oral spray for absorption
via the buccal mucosa.

Inhaled Insulin (Exubera R©). Inhaled insulin has been approved for use in the management
of DM1 in adults (46). It causes a rapid rise in serum insulin concentration (similar to that
which occurs after subcutaneous aspart or glulisine are injected, and faster than that seen
with subcutaneous regular insulin) (46–52). It has a slightly longer duration of action than
the rapid analogs.

The FDA has to date approved one inhaled insulin product and delivery device,
Exubera. In this system, insulin powder is packaged in a foil blister, which is inserted
into the device. A 1-mg capsule of Exubera provides the equivalent of about 2.7–3 U of
insulin; the 3-mg capsule provides about 8 U. When the device is activated, the blister is
pierced and the insulin powder is dispersed into a cloud in a chamber, which the patient
then inhales through a mouthpiece. The bioavailability of this inhaled insulin preparation
is approximately 10% to 20% that of a subcutaneously injected insulin dose. Decreased
bioavailability is due to a combination of factors: loss of the insulin powder (∼30%) through
retention in the blister and the inhalation device, deposition in the oropharynx (∼20%), and
the tracheobronchial tree (∼10%). Forty percent of an inhalation is delivered to the alveolar
spaces from where it passes across the alveolar capillary membrane to the circulation.
Exhalation of particles, breakdown by enzymes, and elimination by macrophages also have
some impact on bioavailability. Bioavailability may vary among insulin delivery systems,
amongst patients, and even within the same patient (53–56).

In a 6-month randomized trial of DM1 patients (mean age 29 ±14) in which premeal
inhaled (n = 163) was compared with SC regular insulin (n = 165), mean glycosylated
hemoglobin was reduced to a similar degree in the inhaled and SC insulin groups [−0.3%
and −0.1%, respectively; adjusted difference −0.16% (CI −0.34 to 0.01)], with a similar
percentage (23.3% in the inhaled insulin group vs. 22% in the SC group) of subjects
achieving A1c � 7. Although 2-hour postprandial glucose reductions were comparable
between the groups, fasting plasma glucose levels declined more in the inhaled than in
the subcutaneous insulin group [the mean adjusted change in FPG was −35 mg/dL in
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the inhaled group, whereas in the subcutaneous group, there was a slight increase in FPG
(4 mg/dL); adjusted treatment group difference −39.53 mg/dL (CI −57.50 to −21.56)].
Inhaled insulin was associated with a lower overall hypoglycemia rate [9.3% (inhaled) vs.
9.9% (subcutaneous) (risk ratio [RR] 0.94 [CI 0.91–0.97])] but higher severe hypoglycemia
rate [6.5% vs. 3.3% (RR 2.00 [CI 1.28–3.12])] when compared to regular insulin before
meals (57).

A systematic review of six randomly controlled trials comparing inhaled insulin with
rapidly acting injections (three in DM1 and three in DM2) concluded that glycemic control
was equivalent, but that patient satisfaction and quality of life was greater with inhaled
insulin (58). These studies were limited in length (12 and 24 weeks), therefore long-term
safety and/or pulmonary effects could not be established.

Clinical trials of to date, have been designed as noninferiority studies, therefore ability
of inhaled insulin to enable attainment of glycemic goals (A1C � 6.5–7.0%) known to be
effective in preventing long-term complications has not yet been fully assessed.

From the nonpulmonary perspective, both intradose variability in insulin absorption
and the difficulty in making precise dose adjustments [Exubera allows variation by 1 mg
(three regular insulin equivalent units) at a time] may preclude the use of inhaled insulin for
DM1 patients managed with intensive insulin regimens. Two other inhaled insulin delivery
devices that are in development and clinical trials testing at present will each use a novel
delivery system that may allow increased flexibility in dosing moving forward. The DM1
patient who uses inhaled insulin also needs to take SC basal insulin.

Safety issues related to Exubera may be classified as nonpulmonary and pulmonary.
Nonpulmonary risks include hypoglycemia, which is similar to that seen with use of
other insulins. Several studies have found an increase in insulin antibodies with inhaled
insulin (59,60), compared with those receiving subcutaneous insulin (51,61–64). Patients
with DM1 had higher levels of antibodies than those with DM2. The presence of insulin
antibodies had no correlation with HbA1c level, change in insulin dose, or incidence
of hypoglycemia (65). The clinical significance of the presence of these insulin-binding
antibodies is not yet established (66).

With regards to pulmonary effects, inhaled insulin has been under intense and ongoing
scrutiny in terms of potential impact on pulmonary function as it has moved through
the development, clinical trials, and approval processes. The most common pulmonary
symptom associated with inhaled insulin is a nonproductive cough, that is reported more
frequently in patients taking inhaled insulin than in those in the comparison group receiving
subcutaneous insulin or oral agents [risk ratio, 3.52 (CI, 2.23–5.56); 16.9% vs. 5.0%,
respectively]. There were no differences between patients with DM1 or DM2. Cough
occurred within seconds to minutes after administration of inhaled insulin; it was mild
and was not associated with changes in pulmonary function. Cough was noted early in the
treatment course (within the first month) and diminished in frequency and severity over
time (67). Cough may be seen in up to 21% of persons using Exubera inhaled insulin,
compared to 4% to 8% for patients not using it (68).

Diabetes mellitus is known to affect the lung. The underlying mechanism(s) that
cause change are unclear (69). Mediators of inflammation, such as IL-1, IL-6, and TNF
are associated with insulin resistance (70). Reduction in inflammatory markers with tight
glucose control has been reported (71) implicating diabetes itself as a cause of systemic in-
flammation. It is possible that this inflammatory process is involved in the pathophysiology
of diabetes related lung disease. It has also been postulated that lack of insulin in lung
tissue causes increased oxidative stress and the production of free radicals (72). Pulmonary
function test (PFT) changes are seen in diabetes patients. When compared with nondia-
betic adults, individuals with diabetes mellitus have some reduction in pulmonary function,
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namely lower average values for FVC and FEV1. Glycemic control is not felt to be as
important to this deterioration as is the duration of the diabetes (73). Sandler and asso-
ciates demonstrated that the lower mean DLCO/alveolar ventilation in diabetes patients
was associated with a lower pulmonary capillary blood volume, hypothesized to be due to
pulmonary microangiopathy, premature lung aging, or glycosylation-induced alterations in
hemoglobin-carbon monoxide reaction rates (74).

In clinical trials, DM1 patients receiving inhaled insulin had a decline in FEV1 from
baseline when compared to those in a comparison group treated with SC regular insulin
[weighted mean difference, −0.031 L (CI −0.043 L to −0.020 L)]. The modest decline
in FEV1 seen with inhaled insulin was statistically significant. The decrease in FEV1 was
slowly progressive over the first 6 months but stabilized in studies of up to 2 years’ duration.
Among patients with DM1, inhaled insulin was associated with a greater decrease in DLCO
from baseline than was SC insulin [weighted mean difference, −0.902 mL/min/mmHg (CI,
−1.546 to −0.258 mL/min/mmHg)]). The decline in diffusing capacity of the lung for
carbon monoxide (DLCO) was evident in studies of 24 weeks duration or less, although
there was no difference in the 2-year study. In a 12-week crossover trial, DLCO returned
to baseline after patients were switched back to SC insulin. Among patients with DM2,
there was no difference in DLCO from baseline between the inhaled insulin group and the
comparison group in studies up to 2 years in duration (67). The modest decrease in DLCO
does not have any recognized clinical correlates.

Before starting inhaled insulin, a baseline spirometry should be obtained. Following
initiation of inhaled insulin therapy, repeat spirometry is recommended at 6 months and
then yearly as long as there is no deterioration in pulmonary function.

Inhaled insulin is contraindicated in patients with any degree of pulmonary compro-
mise. Pathology of the lung as well as other exogenous factors play a crucial role in the
absorption, delivery, and systemic exposure of inhaled insulin. Several pulmonary condi-
tions impact systemic exposure to inhaled insulin. In chronic smokers, the alveolar-capillary
membrane is more permeable, increasing absorption of insulin by two- to fivefold; chronic
obstructive pulmonary disease increases exposure by about 50%. Asthma decreases it by
20% to 30%. Acute smoking attenuates absorption, perhaps due to reversible constriction
of the airways (75). Active smokers should not be started on inhaled insulin, and previous
smokers must demonstrate at least 6 months of abstinence. It is also known that passive
smoking decreases exposure to inhaled insulin by 20% to 30%.

DETERMINANTS OF INSULIN EFFICACY

Factors Determining Absorption of Subcutaneously Administered Insulin
in the Ambulatory Patient

Understanding variables that influence rates of absorption of insulin from the subcutaneous
injection depot enables one to develop a clear understanding of how they will act to impact
BG and of the importance of consistent timing of doses with regards to time of day and
to meals. The degree of absorption of any insulin dose, both among patients and in the
same patient, can vary from day to day by as much as 25% to 50%, leading to unexplained
fluctuations in glycemic control (76,77). This effect is greatest with long-acting insulins
and least with regular, lispro, aspart, and glulisine insulin. There is some suggestion that
day-to-day variability of absorption is less with insulin determir compared to glargine, but
the clinical significance of this observation has not been established (78).
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Factors that influence insulin absorption include: the time course of dissociation of
injected insulin in the SC depot, size of the SC depot, site of the injection, SC blood flow,
impact of exercise on uptake from the injection site, presence of hypertrophy or atrophy in
the SC injection site, and the presence of anti-insulin antibodies.

Time Course of Dissociation

As has already been mentioned, the time it takes for the insulin to dissociate into monomers,
which can be absorbed directly across the capillary basement membrane is a strong deter-
minant of its time to onset of action, to peak levels in the circulation, and its duration of
action. For example, regular insulin must first dissociate into dimers, then into monomers,
a process that takes 30 to 60 minutes following administration of a SC shot and is maximal
2 to 4 hours following delivery of the dose. On the other hand, rapid-acting insulin analogs
dissociate more quickly into monomeric form following injection, which results in their
shorter time to onset of action and an ability to dose these analogs with a meal (11,12).

Insulin Type

The type of insulin administered determines the time of onset, peak activity, and duration
of action of subcutaneous administration, as discussed in detail earlier in this chapter and
as summarized in Table 1.

Size of the Subcutaneous Insulin Depot

Variability in absorption is increased and net absorption is reduced with increasing size of
the subcutaneous depot (76). While it is not common for the adult with DM1 to be on high
doses of insulin, in the patient who is taking large number of units of insulin in a given
dose, e.g., over 50 to 100 U in a single injection, it is preferred to split the shot into two
equally divided doses to decrease the size of the depot, thereby promoting efficacy and
reducing absorption variability.

Injection Technique

Both the angle of needle entry and the depth of penetration affect the rate of insulin
absorption. Very shallow insertion can cause a painful intradermal injection that will not
be well absorbed. In comparison, a perpendicular injection in a lean area may result in an
intramuscular injection, from which absorption is more rapid (79,80).

The recommended insulin injection technique is to use an area of the body in which
about 2.5 cm (1 in.) of subcutaneous fat can be pinched between two fingers. The syringe,
with a 0.5-inch microfine (27 G) or ultrafine (29 G or 31 G) needle, is inserted perpendicular
to the pinched-skin up to the hilt and the insulin is then injected. The needle should be
held in place for several seconds before being withdrawn to avoid insulin leakage after
withdrawal of the needle.

Site of Injection

Potential sites for injection are the upper arms, abdominal wall, thighs, and buttocks. Insulin
is absorbed most rapidly from the abdominal wall, slowest from the leg and buttock, and at
an intermediate rate from the arm. At any of these sites, the rapidity of insulin absorption
varies inversely with subcutaneous fat thickness (77,81).
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Rate of Subcutaneous Blood Flow

The degree of absorption is also impacted by the rate of subcutaneous blood flow. Insulin
absorption is reduced by smoking (82) and increased by any increase in skin temperature
induced by such things as exercise, saunas or hot baths, and local massage (83–86). These
variations are more marked with regular and rapid-acting insulins than with long-acting
insulins (85).

POTENTIAL COMPLICATIONS OF INSULIN THERAPY

Potential complications directly related to insulin itself which both the health-care provider
and the patient should be aware of are hypoglycemia, weight gain, exacerbation of retinopa-
thy, insulin allergy, and lipodystrophy, each of which will now be discussed.

Hypoglycemia

The normal physiologic response to hypoglycemia includes early suppression of insulin
secretion, release of glucagon and catecholamines, and later release of cortisol and growth
hormone. It is important to understand that persons with DM1 have alterations in the
physiologic suppression of insulin and release of glucagon expected in response to low BG,
which impairs ability to return BG levels to normal. These pathophysiologic alterations are
present in as few as 5 years after DM1 develops. In addition, hypoglycemia itself impairs the
autonomic nervous system activation that is expected when hypoglycemia occurs, further
impairing the patient’s response. For a full discussion of the pathophysiology of insulin
counterregulatory responses in DM1, see Chapter 1.

Hypoglycemia is the most serious complication of intensive insulin replacement
regimens and often will be the factor that limits ability to achieve intensive targeted glucose
control. In the DCCT, patients in the intensive treatment group had a threefold greater risk
(62%) of severe hypoglycemia when compared to those in the conventional treatment group
(19%) (p � 0.001) (2). It is therefore important to make efforts to prevent hypoglycemia
from occurring in adults with DM1.

Practically speaking, mild hypoglycemic reactions that the patient senses and can treat
are not uncommonly associated with intensive insulin therapy. Severe hypoglycemia with
neuroglycopenia can however lead to confusion, aggressive behavior, loss of consciousness,
seizures, coma, and death. Severe reactions may also result in motor vehicle accidents
and serious falls with traumatic injuries. Certain patients, particularly those adults with
long-standing DM1 and autonomic neuropathy, may not subjectively sense any symptoms
of hypoglycemia even in the presence of dangerously low-glucose concentrations. The
presence of recurrent severe hypoglycemia is an indication to liberalize BG targets, i.e.,
raise both the lower and upper limits of the target BG range in order to prevent such
occurrences. Risk of insulin-induced hypoglycemia can be reduced if the patient is carefully
educated about recognition of his/her individual warning signs of hypoglycemia and/or of
their blunting or absence as applicable, and know how to treat hypoglycemic reactions
appropriately. If hypoglycemic unawareness is present, a family member and/or work
colleague or friend(s) should be instructed in recognition of the signs and symptoms of
hypoglycemia and in use of a glucagon emergency kit. In patients with advanced end-stage
microvascular or macrovascular diabetes complications in whom the benefit of intensive
glucose control is less clear, one may also consider liberalization of BG targets in order
to avoid increased risk of hypoglycemia that is inherent in intensive insulin treatment
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regimens. Despite the higher risk of severe hypoglycemia with intensive insulin therapy,
in the DCCT serial neuropsychological testing showed no long-term changes in cognitive
function (2).

In DM1 patients treated with Exubera, the frequency of all hypoglycemic episodes
was similar to those treated with SC regular insulin over 12 and 24 weeks of therapy
(5.58% vs. 5.4%, respectively) (61,62). However, the rate of severe hypoglycemia [defined
as that requiring assistance by another, involving a neurological symptom (memory loss,
confusion, irrational behavior, unusual difficulty walking, seizure, loss of consciousness)
and associated with an SMBG � 50 mg/dL or in the absence of SMBG, that which was
reversible with oral carbohydrate, SC glucagon or IV glucose] was twice as frequent with
insulin Exubera [6.5 vs. 3.3; RR 2.00 (CI 1.28 to 3.12)], compared with SC regular (87).

Treatment for mild hypoglycemia consists of 15 to 30 g of a rapidly absorbed source
of carbohydrate such as 4 ounces of juice or regular soft drink, 4 ounces of skim milk, a
small tube of gel cake frosting, or commercially available glucose tablets or gels. A finger-
stick (FS) BG check and the ingestion of carbohydrate is repeated every 15 to 20 minutes
until the BG level has returned to normal. Rapid-acting carbohydrate should be followed by
a snack or by a meal that was missed or is due in order to prevent hypoglycemic recurrence.

In addition to the availability of glucose tablets, hard candy, or other sources of a
readily absorbable form of carbohydrate, it is recommended that all patients with DM1
should have emergency glucagon kits available at home and at work, assuming that there
are people who can be trained in their use. In the event of an unconscious hypoglycemic
reaction, 0.5 to 1 mg of glucagon given intramuscularly rapidly raises the plasma glucose
concentration to an acceptable range and avoids the difficulties and dangers associated
with attempting to get a comatose, stuporous, or disoriented individual to ingest glucose
by mouth. Again, once the patient has sufficiently recovered from the episode, a snack or
meal should be eaten.

Weight Gain

Improvement in glucose control with a reduction in glycosuria is often associated with
weight gain as loss of calories in the urine is reduced. Increased food intake to treat
or prevent recurrent hypoglycemia can also contribute to weight gain. Insulin itself may
stimulate appetite. Recent data from clinical trials for insulin detemir consistently show
slightly less weight gain when compared to NPH (24,25,28,88) (as discussed in the insulin
section earlier in this chapter). Mechanism(s) underlying a potential for less weight gain
with insulin detemir are unknown. Data from mouse models suggest that dysregulation of
insulin action at the level of the insulin receptor and downstream signaling targets in the
central nervous system (CNS) are associated with obesity and diabetes. In the brain, intact
insulin signaling via the IRS-PI 3-kinase pathway is essential for nutrient homeostasis
and appetite regulation as pharmacological inhibition of insulin signaling, especially in
the hypothalamus, leads to obesity-induced diabetes. Keeping in mind that clinical trials
have shown that insulin detemir therapy is characterized by weight stability or even modest
weight loss, it has been hypothesized that in addition to activating the insulin-signaling
cascade in peripheral tissues detemir may also activate cerebral insulin signaling. It is
known that albumin directly penetrates into the cerebrospinal fluid across choroids plexus
epithelial cells. In this model, it is postulated that detemir’s cerebral action may be enhanced
due to its attached fatty acid chain (30). The long-term clinical significance of this modest
but reproducible weight advantage that has been seen in clinical trials with detemir remains
to be determined.
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Exacerbation of Retinopathy

Intensive therapy slows the rate of development and progression of mild to moderate
retinopathy. In addition, in the DCCT it was found that retinopathy occasionally worsens
in the first year after initiation of intensive therapy, which manifests as an increase in the
number of soft exudates (due to retinal infarcts in the superficial layers) (2,89). This is felt
to represent the closure of small retinal blood vessels that were narrowed but previously
patent. Correction of hyperglycemia lowers plasma volume, which places marginal vessels
at-risk. Increased availability of insulin-like growth factor-1 (IGF-1) may also contribute
(90).

Despite the early exacerbation of retinopathy seen in the DCCT, there was clear
evidence of benefit from intensive therapy when patients with mild to moderate nonpro-
liferative retinopathy were followed for 9 years. Specifically, the incidence of worsening
retinopathy in intensively treated patients was higher than in those receiving conventional
therapy at 1 year (7.4% vs. 3%) but much lower at 9 years (25% vs. 53%) (2).

Insulin Allergy

Allergy to recombinant human (rDNA) and biosynthetic insulin preparations is a rare
complication of insulin therapy. Insulin antibodies of high titers were observed in many
patients treated with early insulin preparations containing proinsulin, C-peptide, and other
peptide contaminants. Immunoglobulin G-insulin antibodies in very high titers can lead to
immune-mediated insulin resistance, which is now extremely rare (91).

Currently, the prevalence of allergic reactions during insulin treatment is around 2%,
but less than one-third of reported events are considered related to insulin itself (92).

Transition from animal insulins to rDNA insulins has markedly decreased the inci-
dence of allergic reactions. Allergenicity of the insulin molecule itself is felt to be attributed
to the chemical structure of the terminal part of the beta chain. Other causes of insulin ther-
apy associated allergic responses are other components of insulin preparations, including
protamine, additives such as cresol or zinc, and latex (91).

Insulin antibodies of the immunoglobulin G and immunoglobulin E type are reported
in low titers in patients treated exclusively with human insulin. Frequency and levels of im-
munoglobulin G-insulin antibodies are identical in patients treated either with biosynthetic
or semisynthetic human insulin preparations. Allergic symptoms to human insulin are now
found in less than 1% of de novo–treated patients. Overall immunological complications
of insulin therapy have decreased significantly during the last two decades and are now
predominantly observed in patients with interrupted insulin therapy.

The most common manifestation of allergic reactions to insulin consists of local
wheal-and-flare reactions at the site of injection. Occasionally, more generalized allergic
reactions occur, and even more rarely anaphylactic reactions. Mild local allergic reactions
to insulin can be treated by first trying a switch to an alternative insulin preparation, or with
antihistamines or by the addition of low doses of dexamethasone to the insulin vial. More
severe reactions require desensitization. In the future, anti-immunoglobulin E treatment
with omalizumab may offer another alternative to these patients (92).

Lipodystrophy: Lipoatrophy and Lipohypertrophy

Repeated insulin injections at a site sometimes lead to dystrophic change. Atrophy of
subcutaneous fatty tissue known as lipoatrophy. Lipoatrophy is an immune complication
of insulin therapy, which is not often seen seen since the development of the current
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human insulin preparations and insulin analogs. It was reported previously in 10% to 55%
of patients treated with nonpurified bovine/porcine insulin preparations, but has almost
disappeared since the advent of human insulins (91). In fact, injection of these newer
preparations directly into the atrophic area often resulted in restoration of normal contours.

Even with the purified human insulins, hypertrophy of subcutaneous fatty tissue
may be a problem if one injects repeatedly at the same site. This complication of insulin
therapy may be largely avoided by broad rotation of SC shot or CSII pump insertions sites.
Lipohypertrophy that is problematic may be treated by liposuction.

PHYSIOLOGIC REPLACEMENT THERAPY INSULIN REGIMENS

Conventional Insulin Therapy

Conventional insulin therapy is used to describe simpler, usually fixed dose insulin regimens,
such as single daily injections, or two injections per day of regular and NPH insulin, either
mixed together in the same syringe or provided as a premix of insulins, which are given in
prespecified doses before breakfast and dinner. Such regimens are based on the concept that
each of the insulin components in the two doses is covering insulin needs for one-quarter
of the day and results in a single peak of insulin absorption. Such mixed-split regimens are
not physiologic. In addition, conventional insulin therapy is unlikely to enable achievement
of target HbAlc levels in patients with DM1 and are no longer recommended unless the
adult with DM1 cannot or will not comply with an intensive insulin regimen.

Intensive Insulin Therapy

In patients with DM1 and deficiency of endogenous insulin production, the exogenous
insulin regimen will be designed to simulate as closely as possible the multiphasic profile
of insulin secretory responses to meals and snacks present in normal subjects in order to
enable targeted glycemic control. The term intensive insulin therapy is used to describe
more complex insulin administration regimens in which basal insulin therapy is combined
with bolus doses of insulin given three or more times daily timed to correspond with
ingestion of meals and/or snacks. When the intensive insulin therapy is delivered by SC
injection, the regimen is known as a multiple daily injection (MDI) regimen. Intensive
insulin therapy is also delivered by continuous subcutaneous insulin infusion (CSII) using
an external insulin pump. Currently in the United States, approximately 25% to 30% of
persons with DM1 are treated with insulin pumps.

In MDI, basal insulin is delivered as once or twice daily long-acting or twice daily
intermediate-acting insulin and in CSII basal insulin is delivered in continuous fashion. In
both MDI and CSII, bolus/meal insulin is delivered as discrete doses in conjunction with
food intake, by shot in the MDI regimen and by activation of a bolus for delivery by the
insulin pump in CSII.

In one trial comparing CSII using insulin aspart versus MDI with insulin aspart
and glargine, CSII therapy resulted in lower glycemic exposure [40% lower for CSII than
MDI as measured by area under the curve (AUC) glucose ≥ 80 mg/dL and AUC glucose
≥ 140 mg/dL] without increased risk of hypoglycemia [CSII: 92% (73% for nocturnal
hypoglycemia), MDI: 94% (72% for nocturnal hypoglycemia)], as compared with MDI
(93).

Considerations in the Decision to Intensify Insulin Therapy

As mentioned earlier in this chapter, studies suggest that intensive therapy should be started
as early as possible following the diagnosis of DM1 and that it has clear benefits for patients
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with DM1 when implemented at any time in the course of the disease. It is important to
consider the practical aspects of such a regimen in the discussion with the adult patient
with DM1 who is to intensify insulin therapy. Following are the issues for consideration:

� A commitment by the patient to follow the regimen is required. It will be necessary
to manage and coordinate diet, activity, insulin administration, and BG monitor-
ing. Algorithms for insulin administration in MDI management of DM1 involve
frequent monitoring of the BG concentration, generally at a frequency of four or
more times per day.

� The incidence of hypoglycemia may be increased up to threefold in patients with
DM1 managed with intensive insulin regimens (94).

� Weight gain is more likely with intensive insulin therapy regimens, which can limit
patient compliance, particularly in women. Addition of pramlintide (Symlin R©) to
the therapeutic regimen can help mitigate postprandial hyperglycemia and may
allow weight loss rather than gain as hyperglycemia is controlled in some patients.
Its ability to increase satiety, slow gastric emptying, and suppress glucagon se-
cretion can impact postprandial hyperglycemia when used in combination with
insulin therapy. (Pramlintide is discussed fully in Chap. 6.)

� The cost of intensive insulin therapy is about three times that of conventional
treatment, based upon an analysis of the DCCT (95). On the other hand, intensive
therapy is associated with a lower incidence of costly chronic complications. For-
mal economic analyses have demonstrated that intensive therapy is cost-effective
for the treatment of diabetes (96).

MDI Insulin Regimen

Long-Acting Basal Insulin Once (or Twice) Daily with Rapid-Acting Bolus Insulin
Before Each Meal

This MDI basal-bolus insulin regimen simulates the pattern of insulin production, which
occurs physiologically in the person without diabetes. Basal insulin action will most com-
monly be provided by insulin glargine or detemir. Insulin glargine will generally be given
once daily for control of fasting and premeal glucose levels. This dose is given at the
same time daily and may be delivered either at bedtime, or with breakfast or dinner. It is
a practical consideration to allow the patient to select which of these times of day he/she
would be most likely to consistently take the basal insulin glargine dose to assure adher-
ence to the regimen. In a small percentage of patients, the duration of action of glargine
is not a full 24 hours, which then necessitates twice daily shots to provide continuous
basal insulin action. Insulin detemir is given once or twice daily. Typically for the lean
patient with DM1 whose total daily insulin requirement is modest (and particularly if
under 0.1 U/kg/day), twice daily dosing of insulin detemir is used. As discussed in the
insulin section above, clinical trials dosing of detemir in DM1, which demonstrated safety
and efficacy were carried out using both once and twice daily dosing of detemir. When
dosed twice daily, insulin detemir is typically given with breakfast and at bedtime or at
dinner time, depending upon which of the latter times would evenly distribute the timing
of the twice daily doses. When used once daily, insulin detemir is typically dosed in the
same fashion as described for insulin glargine, although it should be noted that currently
in the United States, it is formally indicated only for PM dosing when prescribed once
daily.

In the patient who is taking either insulin glargine or detemir as a once daily dose, a
pattern whereby a rise in BG levels in the hours prior to the time for administration of the
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basal insulin dose for the day, that is not attributable to the intake of food or reduction in
the prior meal’s insulin dose, suggests that the basal insulin action is waning and that twice
daily dosing is indicated.

Bolus doses of rapid-acting insulin analog are preferred in the MDI regimen due
to their rapid time to onset of action, which allows dosing with the meal, rather than
regular insulin, which must be given with a 30 to 45 minute lag time if dosed premeal. The
rapid-acting analogs will provide insulin coverage to control postmeal glycemic excursions.
They may also be given if a carbohydrate containing snack is to be taken. As mentioned
earlier and as discussed below under insulin adjustment recommendations for variations in
meal portion size and carbohydrate content in detail, the meal bolus of insulin is generally
matched to the carbohydrate content of the meal, either through implementation of a
consistent carbohydrate diet or by using carbohydrate counting to match insulin dose to the
meal’s carbohydrate content. (Also see Chap. 4 for further discussion of this topic.)

Alternative MDI Regimens

Alternative MDI regimens using NPH insulin have been described; however, they are
generally not used widely for treating persons with DM1 since the advent of the long-acting
basal insulins, which when dosed once or twice daily have essentially no peak effect,
thereby conferring lesser risk of hypoglycemia than an NPH-containing insulin regimen.
In such regimens, three shots of NPH given at breakfast, dinner, and bedtime are used to
meet the basal insulin requirement combined with two shots of rapid-acting bolus insulin
delivered with breakfast and with dinner. The third dose of NPH insulin at bedtime in this
MDI regimen takes into account the observation that in individuals with DM1, the duration
of action of the intermediate-acting insulin given before dinner is insufficient to control BG
in the early morning hours. Attempts to increase the dose of intermediate-acting insulin at
dinner would expose the patient to a greater risk of hypoglycemia in the middle of the night,
hence the incorporation of a modest dose of NPH at bedtime provides sufficient insulin
action to control glycemia in the morning while minimizing risk of nocturnal hypoglycemia.

Practical Guidelines for Calculation of Insulin Doses for the MDI Regimen

When undertaking calculation of insulin doses for initiation of therapy for any insulin
regimen, one must be cognizant of the variability in total daily insulin requirements among
individuals and within a given individual, and of the variation in a given insulin’s lag time
to onset of action, time to peak, and duration of action. It is also necessary to be aware in
the event of making a switch from one type of regimen to another of the level of BG control
prior to the time of change. In all of the practical guidelines presented in this chapter for
insulin dosing, dosing suggestions are based on evidence presented in the literature and a
conservative consensus of opinion designed to assure safety and avoid hypoglycemia at the
time of introduction of the new insulin regimen. Close monitoring of FS BG values and
insulin doses at the time of such transitions must be undertaken in order to monitor safety
and effectiveness of the insulin regimen and to facilitate adjustments as needed to enable
attainment of glycemic control targets.

Initiating Insulin Therapy in DM1

Most newly diagnosed patients with DM1 can be started on a total daily dose (TDD) of 0.2
to 0.4 U of insulin/kg/day, although many may ultimately require 0.5 to 1.0 U/kg/day (97).
In the event of newly diagnosed DM1 with presentation in DKA, the total daily insulin
requirement will be determined at the time of discontinuation of intravenous insulin infusion
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treatment. Approximately half (40–50%) of the calculated total daily insulin dose is given
as basal either as once per day long-acting basal insulin (glargine or detemir) or as twice
daily detemir insulin. The once daily long-acting basal insulin, as previously mentioned is
generally given either at bedtime or in the morning; however, it may also be given at dinner
time if this will be most convenient for the patient. The remainder of the TDD is then given
as rapid-acting (preferred) or regular insulin, divided into before-meal bolus doses. The
dose of bolus insulin to be taken before each meal is then allocated as 10% to 15% of the
total daily insulin requirement with each meal and a smaller percentage, e.g., 3% to 5%
with a snack. If there is a clear difference in the carbohydrate content or insulin requirement
for given meals, then the distribution of prandial insulin may be tailored to accommodate
the difference(s), e.g., if postbreakfast hyperglycemia is a challenge and lunch typically a
smaller meal, one may choose to apportion 20% to 25% of the daily prandial insulin for
breakfast, 10% to 15% for lunch, 15% to 20% for dinner, and 3% to 5% for the bedtime
snack. Premeal dosages of bolus insulin can also be calculated based on the dietary intake
(i.e., 1–2 units of insulin per 10–15 g of carbohydrate). These doses will subsequently be
adjusted per usual meal size and content, as well as per how activity and exercise patterns
impact individual BGs, as described in the insulin adjustment section below.

Converting from a Conventional Insulin Therapy Regimen
to an MDI Regimen

It is generally advisable to reduce the total daily basal insulin dose (units) when long-acting
basal insulin is to be started at the time of conversion from twice daily NPH by 20% from
the previous total daily basal NPH doses. This is particularly important if any episodes of
hypoglycemia have been occurring and/or there has been a tendency for BGs to be at the
lower limit of the patient’s target range on the prior intermediate insulin regimen in order
to prevent hypoglycemia. If switching from twice daily doses of NPH insulin to once daily
insulin glargine when the BGs have not been well-controlled, one may prescribe a glargine
dose that is equivalent to the total number of units of NPH insulin that were being given
daily.

If the patient switches from short-acting insulin (regular) to rapid-acting insulin
(lispro, aspart, or glulisine), the dose of the rapid-acting insulin may need to be reduced and
the dose of basal insulin may need to be increased, to compensate for the pharmacokinetic
differences among these types of insulins, and in particular for the longer tail of regular
insulin action that may provide some insulin effect between meals that the rapid-acting
analog will not.

CSII by External Insulin Pump

An alternative method of delivering an intensive insulin therapy basal–bolus regimen is by
CSII via an external pump. The insulin is delivered through a fine catheter from the pump
to a subcutaneous insertion site. The pump delivers insulin as a preprogrammed, variable
rate basal infusion as well as patient-directed boluses given before meals or snacks or in
response to elevations in BG concentration outside the prespecified target range.

The basal insulin infusion rate for the adult patient with DM1 commonly falls between
0.2 to 1 U/hr, although it can be higher. The basal rate can be programmed either to continue
at a constant rate over the 24-hour period or more commonly to increase and decrease at
predetermined times of the day to prevent anticipated excursions in the BG concentration,
for example, morning rises in glucose associated with the dawn phenomenon. Typically the
patient with DM1 will require anywhere from 3 to 4 or more alternative basal rates to enable



OTE/SPH OTE/SPH

DK6222_c05 IHUS006-Jabour October 10, 2007 9:19 Char Count=

86 Magee et al.

tight glycemic control. Pumps provide the ability to use multiple alternative basal profiles
to deal with recurrent patterns that require adjustment of insulin doses (e.g., menstruation,
weekend lifestyle, and a variety of levels of exercise/activity). In addition they offer profiles,
such as dual wave bolus or extended bolus to accommodate anticipated variations in eating
patterns, e.g., for eating a large or extended multicourse meal.

Only rapid-acting or regular insulin is used in the insulin pump. Adjustments to the
basal insulin infusion rate or changes in the size and timing of the insulin boluses generally
allow more timely responses in BG concentration than are seen when adjustments are
made to doses of intermediate-acting or long-acting insulin. All of these features confer a
potentially greater flexibility for the patient in terms of lifestyle and insulin dosing. It has
been suggested that use of lispro insulin may lead to a lower risk of hypoglycemia than the
other rapid insulin analogs and/or regular insulin in pumps (98,99).

Considerations in the Decision to Start CSII Pump Therapy

There are some practical considerations that the patient and provider must consider together
when weighing a decision to use an insulin pump:

� Patients treated with insulin pump therapy must always monitor glucose frequently
(four or more times daily) and must always be alert to the possibility of failure of
the infusion system, otherwise unexplained hyperglycemia develops.

� The pump insertion set must be changed every 24 to 72 hours to assure uninter-
rupted insulin delivery and to prevent insertion site infections as described below.

� There is a risk of infection at the subcutaneous insertion site. Infections may occur
on average once annually per patient even when best of practices for insertion
and site care are used. Such infections are usually minor and can be treated by
changing the site of infusion and using a topical antibiotic; a short course of oral
antibiotics may also sometimes be required. If an insertion site abscess develops,
surgical drainage in conjunction with antibiotic treatment will be necessary.

� Because rapid-acting insulin is most commonly used, pump failure as a result
of mechanical malfunction or catheter-related problems can quickly result in se-
vere hyperglycemia with ketoacidosis that will develop in a matter of hours, as
mentioned earlier, in the patient with DM1 (100,102).

� The initial cost of an insulin pump itself is high ($4500–6000 in 2007). One must
then also purchase pump supplies on an ongoing basis. The relatively recently
released patch, OmniPod pump system requires a lesser initial payment for the
PDA device that controls Pod functions and programs insulin dosing (∼ $600).
Single 72-hour use Pod units are then purchased in prospective fashion on a monthly
basis for about $35 each, spreading out cost. Most health-insurance payors will
cover 80% to 100% of the cost of a CSII pump system and supplies.

� Some patients consider pump to be uncomfortable, embarrassing, or otherwise
awkward.

Calculation of Initial Insulin Doses for CSII Pump Therapy

Basal will typically be delivered to meet between 40% and 50% of the patient’s total daily
insulin requirement. The balance of the daily requirement is given as premeal bolus doses,
which will control postprandial glucose excursions. In a patient with reasonably controlled
previous MDI injection regimen (e.g., A1c � 7.0%), the initial total daily dose of insulin
(TDDI) administered by pump may be 10% to 20% less than the TDD of the previous
regimen, as absorption of insulin from the subcutaneous delivery site is more efficient.
Conversely, patients with a prior trend to hyperglycemia may start with the same TDD as
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they had been using with their SC injection regimen. In general, as in the MDI regimens
described earlier, approximately one-half of the total daily insulin dose is administered as
basal insulin apportioned equally at the time of start up into an hourly delivery rate by
dividing the desired total daily basal insulin dose by 24 hours to determine the number of
units of insulin to be delivered per hour. For most patients, basal rates are in the range of
0.01 to 0.015 U/kg/hr (i.e., for a 60-kg woman approximately 0.6 to 0.9 U/hr), but they
can range from under 0.5 to more than 2.0 U/hour. Premeal boluses for pump initiation
may be estimated as follows: 20% for breakfast, 10% for lunch, 15% for dinner, and 5%
for bedtime snack, or may be determined by carbohydrate counting and an individualized
insulin-to-carbohydrate ratio (103).

The total daily basal rate can alternatively be calculated by multiplying the patient’s
weight (in kg) by 0.3. Assuming that this basal rate represents 50% of the total daily insulin
requirements for the person with DM1, an equivalent number of units of insulin used for
basal delivery can be distributed between meal insulin boluses as described for MDI above
or again will alternatively be calculated using carbohydrate counting ratios.

Controlled clinical trials have indicated that on an average, intensive insulin regimens
that use multiple insulin injections lead to levels of glucose control similar to those achieved
with the insulin pump. On the other hand, there are some patients who never achieve
adequate control with multiple daily injections but experience dramatic improvements
with pump therapy. According to the Clinical Practice Recommendations of the American
Diabetes Association (104), the insulin pump should be used only by candidates strongly
motivated to improve glucose control and willing to work with their health-care provider
in assuming substantial responsibility for their day-to-day diabetes self-management.

Implantable Insulin Infusion Pumps

A surgically implanted programmable pump is available in the European Union (EU) and
is under investigation in the United States. Studies in patients with both DM1 and DM2
have found that this pump system results in glycemic control equivalent to that of MDI
injections (105,106).

The implantable pump has the advantage, compared with intensive regimens using
injections or external pumps, of a lower incidence of severe hypoglycemia (4 episodes/100
patient-years vs. 33 episodes/100 patient-years with multiple daily injections in patients
with DM1) (105) and less day-to-day fluctuation in BG concentrations, less weight gain,
and better quality of life. These advantages may occur, in part, because implantable pumps
deliver into the peritoneal cavity or intravascularly, where absorption into the hepatic portal
circulation provides more physiologic insulin delivery to the liver. Systemic insulin levels
are lower than those that result when subcutaneous (SC) insulin shots are used.

Implantable pumps are prone to catheter blockage that may be due to either their slow
rate of insulin delivery (107) or increased macrophage activation in some patients (108,109).
In addition, anti-insulin antibodies occur more commonly with continuous intraperitoneal
insulin infusion (CPII) than with CSII (110).

INSULIN DOSING ADJUSTMENTS AND PATTERN MANAGEMENT

With experience and close observation of BG results and insulin doses, the health-care
provider and the patient can identify patterns that will suggest a need for adjustment in
insulin doses to enable attainment of BG targets and A1c goals in the adult DM1 patient
who is on an intensive insulin therapy regimen, whether it be with MDI or CSII. Pattern
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management refers to the practice of reviewing a patient’s BG logs, identifying patterns,
and/or trends where BG is outside or might be expected to deviate from designated target
ranges, and taking corrective action to reach or maintain these ranges.

Numerous clinical circumstances can lead to changes in insulin requirements. These
circumstances commonly involve: variations in food intake (portion size and carbohydrate
content) and/or timing, exercise frequency, timing and level of intensity, days the patient
is ill or stressed, changes in concomitant medications, (e.g., addition or withdrawal of
glucocorticoids to/from the treatment regimen), and stage of the menstrual cycle. Even in
the patient who adheres to the comprehensive diabetes management regimen, there will be
times when BG levels will shift, resulting in high and/or low BG patterns. Finally, pregnancy
will necessitate tight glycemic control and frequent adjustments in insulin doses to keep
glucoses in target range. Management of pregnancy in the adult with DM1 is discussed in
detail in Chapter 12 and will therefore not be discussed here.

In all of these circumstances it will be appropriate for the health-care provider and
the patient to evaluate the reasons that have led to suboptimal control in order to make
adjustments in the subcutaneous insulin or lifestyle regimen to enable attainment and
maintenance of target BG levels. It is also extremely useful, when possible, to make
anticipatory insulin adjustments when a recurring circumstance, e.g., exercise will occur in
order to avoid loss of control moving forward.

Successful pattern management requires a close collaboration between the patient
and the diabetes-care provider team. The DCCT and recent clinical trials in DM2 have
demonstrated that, with appropriate education and the provision of insulin treatment algo-
rithms, adult patients are able to self-titrate their insulin doses to achieve treatment targets
identified by the patient and their care team (111,112).

The goals of pattern management are several fold. It will identify BG trends that
are outside target ranges by time of day; all variables that may have contributed to hy-
perglycemia or hypoglycemia; and provide strategies for safe and effective adjustments in
insulin dose(s) that will return BG to, or maintain BG within desired ranges. For practical
purposes, insulin adjustment guidelines may be broken into core and advanced adjustments.
Basic insulin adjustment guidelines will target correction of low- and high-BG levels, in-
cluding those which occur on “sick” days, and incorporate core lifestyle considerations in
order to (i) optimize the match between prandial insulin and carbohydrate intake to enable
postprandial glycemic control and (ii) necessary changes in insulin doses for routine ex-
ercise. Advanced insulin adjustment guidelines will address such circumstances as travel,
perimenstrual patterns, glucocorticoid therapy, and dialysis days.

Establishing Individual BG Goals and Times of Day for BG Monitoring

When embarking on the process of pattern management, one must first establish glycemia-
related targets (Table 2) and times of day that FS BG measurements will be performed for
the individual patient. It is key to establish with the patient that the recommended goals
are acceptable. Selecting mutually agreeable BG goals will help to assure adherence to the
prescribed regimen.

Individual targets must always be set for fasting and postprandial glucose and for
HbA1c. It may be necessary to lay out stepwise goals for reaching targets over time,
particularly if current levels of control are far removed from recommended values, or the
patient has concerns regarding the recommended targets. Fear of hypoglycemia as a result
of increase in insulin doses and “not feeling right/well” if BG values are lowered to beyond
a perceived threshold level are examples of reasons patients may cite as concerns regarding
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Table 2 Recommended Glycemia-Related Targets (123,124)

Glycemic target ADA AACE

Fasting glucose 90–130 � 110
Postprandial glucose � 180 mg/dL � 140
A1C � 7%; as close to 6% as possible � 6.5%

Glycemic variability Mean BG should be � 2 SDs from the mean BG

intensification of the insulin regimen that may necessitate stepping of goals and further
education to enable them to become comfortable with increasing insulin doses.

One additional concept that is increasingly recognized as a glycemia-related target
is glycemic variability. This measure quantifies variation in BG range over the time period
of analysis. The concept of glycemic variability acknowledges the fact that HbA1c is an
average of BGs in the 2 to 3 months preceding its measurement and that a normal value
does not necessarily mean that all BGs have been within the prespecified target range. For
example, if a patient has had numerous episodes of both hypoglycemia and hyperglycemia,
the HbA1c may appear to be at target because it represents an average of all BG values
whether they be high, low, or within the target range. Glucose fluctuation, particularly
during postprandial periods and during other times when BG values swing, has been
shown to exhibit a triggering effect on oxidative stress when compared to chronic sustained
hyperglycemia. Free radical production in turn is implicated in the pathways that lead
to hyperglycemic-induced vascular damage (113). Mean amplitude of glucose excursion
(MAGE) correlates with free radical production and magnitude of glucose fluctuations
(114).

Standard deviation from the average BG may be used in clinical practice as a marker
for MAGE. An initial goal for glycemic variability is suggested by Hirsch as twice the
standard deviation (SD) should be less than the average BG level (SD × 2 � average
BG). Even more desirable would be an average glucose level exceeding three times the SD
(SD × 3 � average BG) (115). The SD is calculated and reported by many of the currently
available BG monitor software programs.

All glycemia-related goals are also subject to modification in the presence of exten-
uating clinical circumstances such as blunted glycemic awareness, particularly if there is
a history of hypoglycemia-related unconscious reactions or seizures, recurrent otherwise
severe hypoglycemia, unstable cardiac status, end-stage renal disease, and the frail elderly
warrant consideration of less tight glycemic control targets. For example, if a patient has
unconscious hypoglycemic reactions, it may be quite appropriate to accept a target BG
range of 140 to 200 in order to minimize risk of recurrences.

FSBG measurements will in general be checked a minimum of four times daily
in patients being managed with intensive insulin therapy regimens, and not uncommonly
even more frequently. The times of day that it is desirable to see representative BG values
are those times that will enable meaningful adjustments in insulin doses or the lifestyle
regimen. Typical times for checking are fasting and premeals to assess the appropriateness
of basal insulin dosing, 60 to 90 minutes after a meal to assess the impact of premeal insulin
doses, and 2 to 3 AM in order to assess the level of glycemic control overnight as it affects
one’s ability to move basal insulin doses up or down to optimize nocturnal BG control.
Patients should be encouraged to gather sample BG readings from each of these time points
when there is a question about the appropriateness of particular insulin doses and/or prior
to office visits so that the health-care provider will have sufficient information to be able to
assist in determining if the current insulin regimen is optimal. Those who will check less
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frequently should be advised to vary the times of day they are checking so that information
from each of these times points is sampled.

In the initial stages of education, at a minimum, patients learning pattern management
and self-titration of insulin doses should be encouraged to keep detailed records of BG
results, meal content, meal timing, activity, and exercise, etc. This will allow the diabetes
team and the patient to learn the impact of these elements on glycemic control and insulin
requirements. The patient should record comments in the BG diary whenever BGs are above
or below target at the time that the BG value is noted, so that recall of circumstances that
may have made the sugar high or low will be accurate. Insulin doses will then be adjusted,
as is appropriate, based on identified relationships amongst BG, food intake, and changes
in activity.

Insulin Adjustment Guidelines

General Principles

Insulin adjustment is an art that should be guided by the science of what is known about
how each component insulin of the total daily insulin requirement acts and how lifestyle
and other variables impact BG levels. Insulin adjustment guidelines are grounded in a
sound knowledge of the pharmacokinetics of insulin, as discussed earlier in this chapter.
When BG levels are outside target ranges and it is determined that an adjustment in insulin
dosing is necessary, knowledge of the action curves of the insulins that the patient is taking
will guide the decision as to how to adjust the insulin regimen appropriately (Fig. 1). The
information presented in the following section is a composite of published information on
this topic and a consensus of the accumulated clinical experience of the authors in caring
for adult patients with DM1. We have attempted in presenting this information to provide
a practical framework upon which the reader may build and convey to one’s patients the
nuts and bolts of pattern management insulin adjustments.

For the patient with DM1 on an MDI regimen or using an insulin pump, the underlying
principles for adjusting the insulin regimen are essentially the same. Fasting BGs that are
not well-controlled will be corrected by adjusting the basal insulin dose(s), i.e., if the fasting
BG is low, the basal insulin dose will be decreased and if the fasting BG is high, the basal
insulin dose will be increased. Postmeal BGs that are not well-controlled will be corrected

Figure 1 Time–action profiles of available insulin preparations. Source: http://www.insulinideas.
org/pdf/InsulinIDEASNewsV1N3Q7final Oct2006.pdf (2/12/2007).
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Table 3 General Principles for Adjusting the Insulin Regimen

Fasting BG Postmeal BG

BG � target ↓ Basal ↓ Premeal bolus
BG � target ↑ Basal ↑ Premeal bolus

If fasting BG erratic (alternates between highs and lows) have patient check 3 AM BG to
exclude somogyi effect vs. dawn phenomenon.

by adjusting the premeal insulin dose. If the postmeal BG is low, then the bolus insulin dose
given prior to the meal will be reduced; if the postmeal BG is high, then the bolus insulin
dose given prior to the meal will be increased (Table 3). Insulin doses will be changed
up or down by 10% to 20% or per a prespecified dose adjustment formula or algorithm
whenever required, based on the presence of hyperglycemia or hypoglycemia, respectively.
In the outpatient setting, it is typical to wait several days in order to determine trends and/or
patterns in BGs by time of day before making changes to the prescribed insulin regimen.
This practice is known as pattern management.

Guidelines for Basal Insulin Adjustment

In the MDI regimen when the basal insulin is once daily glargine or detemir, the dose will
be adjusted based upon the fasting BG. When the basal insulin is twice daily detemir or
NPH the evening dose will be adjusted if the fasting BG is not at target and if the predinner
BG is not at target, the morning NPH dose will be changed.

In CSII, basal insulin rates are adjusted empirically based on glucose monitoring
results. Certain time periods during the day may require higher, while other periods may
require lower infusion rates depending on individual factors including lifestyle and the dawn
phenomenon. Two to four basal rates are routinely applied to meet insulin requirements
over the course of a 24-hour period. For example, patients often need a lower basal rate
between bedtime and 3 AM and a higher basal rate between 3 AM and the time they get up in
the morning to attenuate the dawn phenomenon. An intermediate basal rate may be needed
during the rest of the day. Adjustments to the basal rate(s) are usually made in 10% to
20% increments in order to affect clinically meaningful changes in BG levels. Anticipatory
changes in basal infusion rates should be made about 1 to 2 hours before a change in plasma
BG level is required, e.g., prior to exercise.

Guidelines for Prandial-Bolus Insulin Adjustment

Rapid-acting insulin analogs are preferred for use as the meal-time bolus insulin in the
intensive insulin regimen for the person with DM1 for several reasons. They may be given
at the time that the meal will be eaten, rather than 30 to 45 minutes before the meal, as is
necessary with regular insulin. The rapid-acting analogs may also be given at the end of
or even up to 20 minutes after a meal, as discussed earlier in this chapter. This feature is
particularly useful if the amount of food that will be eaten is uncertain. As the rapid-acting
analogs peak 60 to 90 minutes after being taken, a FS BG is taken 60 to 90 minutes after
the meal to assess the appropriateness of the bolus insulin dose that was delivered. The
premeal insulin dose can then be adjusted to control postprandial glucose levels, i.e., if the
postmeal BG is above the patient’s postmeal BG goal, or rises by more than 25 to 50 mg/dL
from the premeal value, the meal bolus can be increased and conversely, if the postmeal
BG is lower than desired, the premeal bolus insulin dose will be reduced (Table 3).
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Practically speaking, for the patient who is either not able, for example due to time
constraints, or not willing to check postprandial BGs, one may adjust the premeal insulin
dose based on the BG prior to the next meal, as has been done in some Exubera and Apidra
trials with good results (51,57).

In the DM1 patient who is being treated with conventional mixed, split subcutaneous
insulin therapy rather than MDI (e.g., two injections per day of mixed rapid-acting or
regular and NPH insulin), adjustments in the prandial component of the prebreakfast dose
are made based on the postbreakfast or prelunch BG, changes in the intermediate-acting
insulin component of the AM dose will be based on the presupper BG. To make adjustments
in the presupper doses of insulin, the prandial component of the presupper insulin dose will
be determined by the postsupper or bedtime BG levels, whereas the NPH insulin component
of the presupper dose is based on 3 AM and/or fasting BG levels.

GUIDELINES FOR DOSING CORRECTION/SUPPLEMENTAL INSULIN

Correction or supplemental doses of insulin (CDI) are administered to correct hyper-
glycemia that results in spite of the patient having taken the usual prescribed basal and
prandial insulin doses. CDI is taken in addition to the usual basal and/or bolus insulin
dose(s) to be administered at the time when the FS BG is checked and found to be high.
The CDI should not be large enough to cause, nor taken so frequently that overlapping
peaks (insulin stacking) will result in hypoglycemia. Typically, approximately 1 U of short-
or rapid-acting insulin will lower BG by 40 to 50 mg/dL in the patient with DM1. The
BG lowering response depends on the patient’s insulin sensitivity and daily insulin re-
quirements varying from 0.5 to 3 U of short- or rapid-acting insulin for every 50 mg/dL
lowering of BG. If correction dose insulin is needed at bedtime, it should be administered
at a reduced dose compared to other times of day in order to reduce risk of nocturnal
hypoglycemia.

Several methods for determining CDI are in use; however, studies to determine their
specific safety and efficacy are lacking. Each method will take into account the patient’s
relative sensitivity to insulin, either through an association with the known TDD of insulin
being taken or the patient’s body weight. A key point to make regarding any method
whereby CDI of insulin are used is that the impact on BG for an individual must be carefully
monitored and the CDI adjusted as necessary if it does not lower the BG as expected or
if it leads to hypoglycemia. This will require monitoring before and after the initial CDI
recommended is taken to allow determination of the most appropriate CDI for the individual
patient.

One method for determining starting correction insulin doses is to determine the dose
as a simple percentage of the total number of units of insulin (basal plus bolus) that makes
up the patient’s TDDI. Typically, the correction dose will be 10% of the TDDI. If marked
hyperglycemia is present and/or urine ketones are positive, the correction dose will be 20%
of the TDDI, rounded down to the nearest unit. For example, if the basal insulin dose is
14 U of glargine and the meal dose is 5 U of insulin aspart with breakfast, 3 U with lunch,
and 4 U with dinner, the total daily dose of insulin is 26 U. A CDI for moderate elevation
in BG would be 2 U of rapid-acting insulin and for more marked hyperglycemia, if urine
ketones are present, would be 4 U of rapid-acting insulin. This correction dose will be taken
in addition to a usual basal and/or bolus insulin dose to be taken whenever the FS BG is
above a predesignated target value for that time of day.

A second method in widespread use was developed by Paul Davidson and applies an
insulin correction factor. It is known as the rule of 1800 when a rapid-acting insulin analog is
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Table 4 Sample Correction/Supplemental Dose Scale for Insulin Administration

Correction dose scale for insulina

For blood glucose
(mg/dL) Low doseb Medium dosec High dosed Personal dose scale

150–199 1 unit 1 unit 2 units units
200–249 2 units 3 units 4 units units
250–299 3 units 5 units 7 units units
300–349 4 units 7 units 10 units units
� 349 5 units 8 units 12 units units

At bedtime and/or overnight, reduce the correction dose by half (50%), or take units. (If this amount of
insulin is less than one unit, do not take a dose.)
aFor fingerstick glucose that is over 150 mg/dL or over , take a correction insulin dose as shown on the
selected scale in addition to your usual basal and meal insulin doses.
bRequires � 40 units insulin daily; or � 70 kg weight.
cRequires 40–99 units insulin daily; or 71–99 kg weight.
d Requires ≥ 100 units insulin daily; or � 100 kg weight.

used and the rule of 1500 when regular insulin is used as the CDI. The correction factor
calculated will provide an estimation of the number of mg/dL that 1 U of the correction
insulin will lower the BG. The CDI will be the same insulin being used as prandial insulin
for the patient. To calculate the correction factor for rapid-acting insulin analogs, 1800 is
divided by the TDDI (116). For example, if a patient has a TDDI of 45 U, then the insulin
correction factor would be: 1800 divided by 45 = 40. And 1 U of rapid-acting insulin
would be expected to lower the BG by 40 mg/dL. If the patient has a premeal blood sugar
of 180 mg/dL and wants to correct to 100 mg/dL or cause the value to fall by 80 mg/dL,
then the patient would take an extra 2 U of (80 mg/dL lowering divided by 40 mg/dL
expected from 1 U correction dose) added to the number of units to be taken to cover the
carbohydrates to be consumed in the meal.

Finally, a CDI scale may be prescribed for the patient. Such scales will provide
incremental, discrete stepped doses of insulin to be taken in response to progressively higher
BG levels, typically rising by 50 mg/dL/step on the scale. The correction dose scale differs
from sliding scale insulin conceptually in two ways: (i) the selected dose of insulin will be
given in addition to the prescribed basal plus prandial insulin doses to correct hyperglycemia
and (ii) the correction dose scale will factor in a surrogate measure of the patient’s known
insulin sensitivity (i.e., TDDI or weight). CDI scales are stratified as low, medium, or high
dose with the option to provide an individualized scale (as shown in Table 4).

SPECIFIC PRACTICAL GUIDELINES FOR PATTERN MANAGEMENT

Core Insulin Adjustment Guidelines

Core insulin adjustment guidelines will address basic recommendations for correction of
hypoglycemia, hyperglycemia, variations in food intake or level of physical activity, and
days when the patient is sick or stressed. When glycemic control is suboptimal and both
hyperglycemia and hypoglycemia are present, one should first address hypoglycemia and
correct it. This approach is recommended for several reasons. First and foremost, the short-
term hypoglycemia is a safety issue. In addition, if hyperglycemia is due to rebound from
hypoglycemic episodes, e.g., nocturnal hypoglycemia leading to high fasting BG or to
sequential extra correction doses of insulin, then increasing the insulin dose to treat highs
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will only exacerbate the tendency for hypoglycemia, perpetuating a vicious cycle of lows
and highs.

Adjusting for Hypoglycemia

In evaluating episodes of hypoglycemia, one must first establish whether the lows are
explained or unexplained as this will impact whether or not insulin doses need to be
adjusted as the corrective action of choice. An exploration of variables that may be causing
the hypoglycemia should be undertaken. Is the hypoglycemia explained by a decreased
food intake, e.g., skipped meal or bedtime snack; an increase in the number of insulin doses
taken, e.g., serial correction doses to treat a high; an increase in the number of units of
insulin taken in a dose, e.g., a large correction dose; or by an increase in physical activity? If
the explanation was an isolated occurrence, then the corrective action is to try and avoid the
circumstances that caused it, e.g., to carry a snack when it is likely a meal will be skipped.
If it is known that the explanation is going to be an ongoing phenomenon, e.g., beginning
of an effort to lose weight through a cut in caloric intake or initiation of a regular exercise
program, then the responsible insulin is adjusted downward to avoid further recurrences,
per the general guidelines for basal and bolus insulin adjustment discussed earlier in this
section.

Guidelines for Treating Hypoglycemia

Simple carbohydrate is taken to treat hypoglycemia. The patient should be advised to avoid
indiscriminately ingesting large quantities of food or calories-containing beverages (such
as regular soda or juice) in response to symptoms of hypoglycemia, as this will contribute
to subsequent hyperglycemia. In general for BG of 51 to 70 mg/dL, treatment with 10 to
15 g of fast-acting carbohydrate is recommended; BG less than or equal to 50 mg/dL is
treated with 20 to 30 g. BG should be retested 15 minutes after carbohydrate ingestion and
repeat treatment taken as needed, based upon the BG result. The patient should also be
advised to eat a more substantial snack or a meal that was missed or is late following initial
treatment of a hypoglycemic reaction. This will prevent a recurrence. Once BG is more
than 70 to 80 mg/dL, the patient can generally safely take an appropriate prandial dose to
cover carbohydrate intake with the next scheduled meal to be eaten.

Adjusting for Hyperglycemia

Insulin doses will be adjusted upward when a pattern demonstrating hyperglycemia at
a given time of day is present for 2 to 3 days in a row at the same time of day and
the hyperglycemia is unexplained by increased food intake, inactivity, or the somogyi
phenomenon (rebound hyperglycemia).

If the hyperglycemia is explained by an increased food intake or a decline in physical
activity, it is preferable to correct the underlying lifestyle indiscretion rather than to raise the
insulin dose(s). If fasting hyperglycemia is present, and particularly if fasting hyperglycemia
is seen in association with wide variation in BG values, including the presence of normal
and/or lower values, one must exclude the possibility that the highs represent rebound in
response to nocturnal hypoglycemia. This distinction is accomplished by asking the patient
to check a BG reading between 2 and 3 AM to see if it is normal. If the overnight BG is high,
then it is appropriate to adjust the basal insulin dose upward to move BG levels toward
the desired target range. If this value is low, it demonstrates that nocturnal hypoglycemia
with subsequent rebound is the likely cause of the fasting highs, and the appropriate insulin
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adjustment is a reduction by 10% to 20% in the basal insulin that is acting at this time of
night, e.g., once daily glargine or detemir dose or the evening dose of twice daily dosed
insulin NPH or detemir.

Adjusting Insulin for Variations in Food Intake

In order that postprandial BG levels will be optimized, it is necessary for the provider and
the patient to have an understanding of the relationship between the caloric content, and in
particular the carbohydrate content of the meal, as the latter is the major contributor to the
postprandial glycemic excursion. Prandial insulin dose will be matched with the anticipated
or actual carbohydrate content of the meal. In the consistent carbohydrate meal plan, the
number of grams of carbohydrate included in a given meal from day to day will be kept
constant, thus allowing a prespecified insulin dose prescribed to be taken with the meal to
control the postmeal glucose excursion. The nutritionist diabetes educator will typically
provide a meal plan that incorporates in the range of 30 to 45 g of carbohydrate with each
of breakfast and lunch and 45 to 60g of carbohydrate daily with dinner, depending on the
patient’s total daily caloric intake. The bedtime snack will contain 15 or more grams of
carbohydrate if it is to be taken with a dose of insulin.

The second method whereby insulin doses are matched to carbohydrate content of the
meals is carbohydrate counting in which a predetermined insulin-to-carbohydrate ratio is
matched to the premeal anticipated or postmeal known carbohydrate content. Carbohydrate
counting requires the patient to count grams of carbohydrate and estimate insulin doses
based on carbohydrate intake. An average of 1 U of short- or rapid-acting insulin will
dispose off 10 to 15 g (one starch equivalent) of carbohydrate, with a range of 0.5 to
2.0 U. In the adult with DM1, where the total daily insulin requirement is typically not
very high and insulin resistance is not present, it is generally safe to start with an insulin-
to-carbohydrate ratio of 1 U of insulin for every 15 g of carbohydrate. This method allows
flexibility in the content of each meal. The patient can increase the amount of insulin taken
with the meal, e.g., if eating out, or to reduce it in the event that a meal will be small or one
does not feel like eating.

The insulin-to-carbohydrate ratio will account for insulin sensitivity relative to the
postprandial glycemic excursion. It is important to note that insulin-to-carbohydrate ratios
can vary with time of day, and that they are affected by stress, illness, and variations in
physical activity. One should also note that the dawn phenomenon often induces a state
of relative insulin insensitivity in the early morning, in which case it may be necessary to
provide one insulin-to-carbohydrate ratio for the patient to take with breakfast, e.g., 1/10
and another ratio for the other meals of the day, e.g., 1/12 or 1/15 to appropriately match
each to individual requirements.

Several formulae may also be applied to calculate an individual insulin-to-
carbohydrate ratio: the 450 or 500 rule and the weight method (120). The 500 or the
450 rule may be used when a dose of insulin given before a meal results in postprandial
BG levels in the target range. The insulin-to-carbohydrate ratio by the 450 or 500 rule is
calculated as follows:

� Rapid-acting insulin (aspart, glulisine, or lispro)-to-carbohydrate ratio = 500
divided by TDDI.

� Regular insulin-to-carbohydrate ratio = 450 divided by TDDI.

As an example, if the individual TDD is 50 U and the patient uses a regimen with
prandial rapid-acting then the insulin-to-carbohydrate ratio would be 500 divided by 50 or
1 U of analog for 10 g of carbohydrate.
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Table 5 Weight-Based Insulin
to Carbohydrate Ratios (117)

Weight (lbs) Ratio

120–129 1:15
130–139 1:14
140–149 1:13
150–169 1:12
170–179 1:11
180–189 1:10
190–199 1:9
� 200 1:8

The weight method for determining the insulin-to-carbohydrate ratio uses assignment
of a ratio from a table based upon the patient’s weight (Table 5) to provide the insulin-to-
carbohydrate ratio (117).

Whichever method of matching insulin-to-carbohydrate content of the meal is used, it
is important to assess the impact of the dose on postmeal BG levels by checking a FS value
60 to 90 minutes after a dose of rapid-acting insulin analog has been given with a meal or
2 hours after the meal if regular insulin is provided as the prandial insulin. If this value is
high, and a consistent carbohydrate diet is being used, the premeal insulin bolus dose will be
raised by 10% to 20%. If the postmeal BG is above target and if an insulin-to-carbohydrate
ratio is used to determine the premeal dose, the ratio will be increased, typically in 2 to
5 g increments, e.g., from 1/15 to 1/12 or 1/10, depending upon the rise in magnitude
of the BG after the meal. Conversely, when BG following a meal is lower than desired,
the number of units of insulin given per gram of carbohydrate prior to the meal will be
reduced.

Adjusting Insulin for Changes in Activity/Exercise

Increased levels of physical activity, including formal exercise, impact BG control by
promoting movement of glucose into glycogen stores in the peripheral tissues. The entry
of glucose into skeletal muscle is increased during exercise via an insulin-independent
increase in the number of GLUT 4 transporters in muscle cell membranes. This increase
in glucose entry persists for several hours after exercise and regular exercise training can
produce prolonged periods of time where insulin sensitivity is increased. Exercise can
precipitate hypoglycemia in diabetes not only because of the increase in muscle uptake
of glucose but also because absorption of injected insulin is more rapid during exercise.
Patients with diabetes will often need to either take in extra calories or reduce their insulin
dosage when they exercise (5). If body weight is a concern, it is preferable to lower insulin
doses in anticipation of exercise rather than to ingest extra calories to prevent hypoglycemia.
Determination of the optimum insulin regimen for the patient with DM1 for exercise will be
facilitated by careful BG monitoring in the periexercise period until insulin requirements are
determined and appropriate insulin doses for these times have been determined. BG testing
is recommended before, during, and after the activity to monitor the patient’s response to
exercise (118,119). Exercise-induced hypoglycemia may occur many hours after the activity
as glycogen stores are repleted. This is particularly true following intense exercise, such as
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weight lifting and/or prolonged periods of aerobic exercise such as long-distance running or
biking.

If exercise is planned, insulin dosages will be adjusted in anticipatory fashion in
order to decrease risk for hypoglycemia either during or following the period of in-
creased physical activity. It is not uncommon for the patient with DM1 who exercises
regularly to have one insulin regimen for exercise days and another for days on which
exercise is not undertaken. Premeal rapid-acting or regular insulin can be reduced 25%
to 50% for moderate levels of planned postprandial activity. If the activity is strenuous,
the patient may need additional carbohydrate along with the reduction in premeal in-
sulin (120). Patients using insulin pumps can temporarily lower the basal rate by 20%
to 40% for sustained periods of exercise, particularly those lasting over 60 minutes. A
reduction in the basal rate by 25% during postexercise hours may also be necessary to
avoid postexercise hypoglycemia (121). Suspending the basal rate for more than one hour
is not recommended in the insulin deficient patient who has DM1 as ketogenesis may
develop.

If exercise is unplanned, ingestion of additional carbohydrate will be necessary (15–
30 g of carbohydrate for every 30 to 45 minutes of moderate exercise). It is also important to
note that it is always necessary for the patient with diabetes to maintain adequate hydration
during exercise as dehydration has a negative impact on insulin sensitivity.

Adjusting Insulin for Illness or During Periods of Stress:
Sick Day Rules

Stress and illness clearly impact glycemic control. In the patient with DM1, release of insulin
counterregulatory hormones under such circumstances will typically lead to hyperglycemia.
Indeed progressive development of hyperglycemia without other aggravating factors may
indicate that an illness, e.g., urinary tract infection or viral syndrome is in its prodromal
stages. Careful questioning of the patient about symptoms that suggest underlying illness
is part of a thorough assessment under these circumstances. It is necessary for the patient
to have a plan of action to enable glycemic control on sick days.

Diabetes education for the adult patient with DM1 should include a thorough ground-
ing in the general principles of sick day management, (Table 6) which includes the
following:

� Checking FS BGs every 4 hours if not eating, or before meals and bedtime if eating
discrete meals.

� Check 2 to 3 AM BG if running high at bedtime or nocturnal hypoglycemia is
suspected.

� Take all usual prescribed doses of basal insulin glargine or detemir, with adjustment
in basal dose(s) as described below.

� Reduce NPH insulin doses by 1/3 to 1/2 if food intake curtailed (to prevent hypo-
glycemia when the NPH peaks).

� Take usual meal insulin doses if eating well with a correction insulin dose if
premeal BG is high; if not eating well, decrease meal insulin dose by 50% and
consider taking at the end of the meal after assuring that the food is eaten.

� Maintain hydration.
� Check urine for ketones.
� If vomiting and cannot keep food or liquids down, go to the emergency room.
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MDI insulin dose adjustments are made to minimize hyperglycemia on sick days or
during periods of stress.

� If all BGs are running high, basal insulin dose(s) will be adjusted upward by 20%
increments.

� CDI will be given in addition to basal and prandial insulin doses when hyper-
glycemia is present. CDI will be determined by calculation of a correction dose
based on the total daily insulin requirement, e.g., by the rule of 1800 or as 10% of
the TDDI if urine is dip negative for ketones and as 20% of the total daily insulin
requirement if there are ketones in the urine (as discussed earlier), or by use of a
correction dose scale.

� As with all insulin doses prescribed, it is essential to review the impact of sick day
doses given to an individual patient and to revise these doses per BGs obtained to
assure that they lower BG appropriately while minimizing risk of hypoglycemia.

CSII dose adjustments

� When the patient is being treated with an insulin pump, the sick day insulin dose
adjustments are to increase the basal insulin rate by about 50% and the bolus
insulin doses by 20%.

HOSPITAL MANAGEMENT

The principles of using physiologic insulin replacement to mimic normal insulin secre-
tion patterns that are used in the outpatient with DM1 generally are applied in hospital
management of adults with DM1 as well (Fig. 2).

Figure 2 Basal–bolus insulin therapy: mimicking physiologic insulin production and release.
Source: http://www.insulinideas.org/pdf/InsulinIDEASNewsV1N3Q7final Oct2006.pdf (2/12/2007).
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INTRODUCTION

The Diabetes Control and Complications Trial (DCCT) definitely proved that the microvas-
cular complications of type 1 diabetes mellitus could be prevented or delayed by improving
glucose control (1). Since the publication of this study, the aim for therapy of individuals
with type 1 diabetes has been to achieve glucose and A1c values as close to normal as safely
possible (2). However, the DCCT and follow-up study, Epidemiology of Diabetes Inter-
ventions and Complications (EDIC), also proved how difficult it was to attain and maintain
normoglycemia (1,3). Despite considerable support from diabetologists, diabetes educators
and registered dieticians, the average A1c in the subjects randomized to the intensive group
of the DCCT was 7.2%, far above the goal A1c of less than or equal to 6.05%. Moreover,
less than 5% of the intensive cohort was able to maintain average A1c at or below target
(1). One year after the end of the intensive intervention of the DCCT study, the average
A1c in the intensive group rose to 7.7%, approaching the level of 8.1% in the conventional
group. The differences between the groups continued to narrow over the next 5 years (3).
One decade after the publication of the DCCT study results, glycemic control, as measured
by A1c, has improved in people with type 1 diabetes. An Australian study of 1335 children
with type 1 diabetes reported improvement in average A1c from 10.9% in 1992 to 8.1%
in 2002 (4). Several recent studies report similar findings, with average A1c levels ranging
between 8.2% and 9.0% (5–7), far higher than the targets set by the American Diabetes
Association.

CLINICAL BARRIERS TO OPTIMAL GLYCEMIC CONTROL

Maintenance of near-normal glucose levels is demanding, in that it requires an educated
and motivated patient to coordinate the complex task of adjusting insulin doses based upon
ambient glucose levels, dietary intake, activity, illness, or stress. Although psychosocial
barriers such as lack of economic or social support, poor access to specialized centers,
eating disorders, and other psychological problems are associated with poor control (6),
factors inherent in insulin therapy contribute to the challenge of keeping glucose levels in
the near-normal range (Table 1).
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Table 1 Clinical Barriers Associated with Insulin Therapy

Increased risk of hypoglycemia Risk increases exponentially as patients approach
normoglycemia

Risk sustained over years
Failure to normalize postprandial

glycemia
Insulin replacement is still not physiological (peripheral vs.

portal)
Insulin is only one of the hormonal regulators of postprandial

glucose homeostasis
Excessive diurnal glucose

fluctuations
Make it difficult for patients to predict glucose levels and adjust

insulin therapy
New glucose-sensing technology has highlighted the magnitude

of this barrier
Excessive weight gain Underappreciated in patients with type 1 diabetes

Cosmetic concern of many patients
Negative effects on lipids and blood pressure

Source: Adapted from Ref. 27.

Hypoglycemia

Hypoglycemia, particularly severe hypoglycemia, represents the major limiting factor in
achieving good glycemic control in patients with type 1 diabetes. People with diabetes are
fearful of the risk for acute injury or death due to severe hypoglycemia and often alter their
food and/or insulin regimen so as to avoid it. An inverse relationship between glycemic
control and risk of hypoglycemia was demonstrated in the DCCT, with a frequency threefold
higher in the intensive versus conventional group (0.61 vs. 0.18 events per patient-year)
(1). In a study of children with type 1 diabetes, those with average A1c less than 7%
experienced a 4.3-fold increased risk of severe hypoglycemia when compared with those
who had A1c levels greater than 10%. Fortunately, cognition and quality of life were not
impaired in the intensively treated patients (4). The risk for hypoglycemia is reduced by
the use of optimal basal–bolus therapy, using insulin analogues in multiple daily injection
or insulin pump therapy but the rate of severe hypoglycemia remains high, occurring at a
rate of approximately one per patient per year in those attempting to attain recommended
targets for A1c (8). This leaves people with type 1 diabetes with a difficult dilemma: How to
balance the need for good glucose control to avoid the long-term complications of diabetes
against the persistent risk of severe hypoglycemia.

Weight Gain

Patients with type 1 diabetes will generally gain weight with intensive insulin therapy, the
extent of which correlates with improvement in hemoglobin A1c levels. At the end of DCCT
study, the average weight gain by the subjects in the intensive arm was 4.5 kg more than the
conventionally treated group. An almost twofold higher increase in the rate of obesity was
seen in the intensively treated group (9). Mechanisms behind the weight gain in intensively
treated patients are not completely understood, but probably include reduction of glycosuria,
increased appetite, hypoglycemia (defensive eating), and the anabolic effect of insulin on
the adipocyte (10). Weight gain in people with type 1 diabetes is not innocuous. As occurs
in the general public, metabolic syndrome and associated cardiovascular risk factors often
complicate weight gain in people with type 1 diabetes. In subjects with type 1 diabetes,
impaired glucose response to intravenous (IV) insulin was significantly associated with
increased risk for death from vascular disease (11). In the intensive group of the DCCT
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study, excessive weight gain occurred in about 25% of the subjects and was associated
with higher total cholesterol, LDL-C, apo-B levels and systolic blood pressure, despite
roughly equivalent glycemic control across the weight gain spectrum (12). Furthermore,
there was a strong correlation between weight gain and the levels of the inflammatory
marker hsCRP in the intensively treated subjects who gained weight (13). Epidemiology
studies suggest that risk for cardiovascular disease in type 1 diabetes is more strongly
correlated with determinants of the metabolic syndrome than with degree of glycemic
control (14).

The association of weight gain with insulin therapy can be a barrier to adherence
to prescribed insulin regimen, leading to poor glycemic control (10). Eating disorders
occur in up to one-third of females with type 1 diabetes, with intentional omission of
insulin representing the predominant weight-control behavior. Compared to females with
type 1 diabetes without disordered eating, those inflicted with disordered eating have
higher glycosylated hemoglobin levels and are at significantly higher risk for microvascular
complications (15).

Postprandial Hypoglycemia

Despite careful calculation of carbohydrate intake and insulin doses, continuous glucose
sensing reveals that most people with type 1 diabetes experience large glucose fluxes (16),
especially in the postprandial period. Growing evidence suggests that the risk for long-term
vascular complications of diabetes may not be entirely explained by average glucose levels,
as measured by the A1c (17). Glycemic exposure, as measured by A1c, age at diagnosis and
duration of diabetes explains as little as one-third of the variability in the development of
microvascular complications (18). Rather, the metabolic milieu associated with glycemic
excursions may be additive to the effects of chronic hyperglycemia (17,19,20). Although
hyperglycemia is associated with activation of many biochemical pathways known to have
deleterious effects upon the endothelium, an imbalance between free radical production
and antioxidant consumption (oxidative stress) appears to activate many of these pathways
(20). If studies can confirm the benefit of minimizing glycemic excursions and oxidative
stress for reducing the vascular risk in diabetes, different treatment strategies to minimize
glycemic excursions will need to be explored.

NORMAL GLUCOSE HOMEOSTASIS

The inability of subcutaneous (SC) insulin to control glucose levels in the postprandial
period is due, in part, to its failure to replicate normal concentrations of insulin in the portal
and system circulations. However, it has become increasingly apparent that, in addition to
insulin secretion, normal postprandial glucose regulation involves interactions of several
hormones: insulin, glucagon, amylin, GLP-1, GIP as well as other pancreatic and gut-
derived hormones (21). As illustrated in Figure 1, these hormones work in concert to
balance the appearance of glucose into the plasma with the insulin-mediated disappearance
of glucose into the peripheral tissues.

In people with type 1 diabetes, glucose influx exceeds glucose efflux for several
hours after eating due to the combined defects of severe insulin deficiency, elevated post-
prandial glucagon levels and accelerated gastric emptying. Optimal SC insulin therapy
cannot correct the defects of glucagon regulation and gastric motility in people with type 1
diabetes.
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Figure 1 Hormonal regulation of postprandial glucose. Source: Adapted from Ref. 27.

Amylin Physiology

The explanation for the abnormal postprandial glucagon secretion in people with type 1
diabetes was unidentified until the discovery of the beta cell product, amylin, in 1987.
Amylin, a 37 amino acid peptide, is coproduced and cosecreted with insulin by the beta
cell of the pancreas in response to nutritional stimuli, glucagon, GLP-1, and cholinergic
agonists. Its secretion is inhibited by somatostatin (21). The normal plasma concentration
of amylin parallels that of insulin, with low levels in the fasting state and a marked increase
in secretion in response to meals (22). The physiologic action of amylin is to reduce the
rate and amount of glucose entering the circulation through several mechanisms: slowing
of gastric emptying, suppressing postprandial glucagon secretion and reducing food intake
(23). Most of the actions of amylin can be explained by effects on the central nervous
system, as suggested by the high concentration of amylin binding sites in the brain. In
rats, receptors for amylin are found in the area postrema, dorsal raphe, and the nucleus
accumbens. In particular, the area postrema, with its location outside of the blood–brain
barrier and its close proximity to the central chemoreceptor trigger zone for nausea, appears
to be an important site of action for amylin (24,25). The effects of amylin on food intake and
gastric emptying are abolished when lesions are placed in the area postrema or with bilateral
vagotomy. With its multiple effects on glucose regulation, amylin acts as a partner hormone
to insulin to help maintain normal glucose levels, especially in the postprandial state.
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Table 2 Potential Targets/Mechanisms for Adjunctive Agents in Patients with Type 1
Diabetes Mellitus

Adjunctive therapy Agent Main mechanism(s) of action

Enhancement of insulin action Metformin Reduces hepatic glucose
production

Thiazolidinediones Activate PPAR� receptor
Alteration of gastrointestinal

nutrient delivery
Pramlintide
Incretin therapies

Slows nutrient delivery to the
small intestine and
suppresses glucagon
secretion

Alpha-glucosidase inhibitors Delays carbohydrate digestion

PPAR� = peroxisome proliferator-activated receptor
Source: Adapted from Ref. 67.

POTENTIAL TREATMENTS FOR ADJUNCTIVE THERAPY
IN TYPE 1 DIABETES

It is nearly impossible to normalize postprandial glucose excursions with SC insulin alone,
without causing hypoglycemia. Given the limitations of insulin therapy, there is a need for
adjunctive therapies to safely improve glycemic control in people with type 1 diabetes. An
ideal adjunctive agent would minimize postprandial glucose excursions, without increasing
the risks for hypoglycemia and weight gain. Potential targets for pharmacologic intervention
are listed in Table 2.

Of the compounds listed, only pramlintide has been approved by the United States
Food and Drug Administration (FDA) as adjunctive therapy in patients with type 1 diabetes.

PRAMLINTIDE

Background

In theory, through its multiple mechanisms to control postprandial glucose excursions, the
physiologic replacement of amylin might address many of the shortcomings of insulin
therapy. However, amylin is unsuitable as a pharmacologic intervention due to its tendency
to precipitate from solution. To overcome this limitation, an analog to amylin, Pramlintide,
was developed by substituting proline for the amino acid residues at 25 (alanine), 28 (serine),
and 29 (serine) (26). In animal and human studies, pramlintide mimics the actions of
amylin to blunt postprandial glucose excursions by slowing gastric emptying, suppressing
postprandial glucagon secretion, and by decreasing food intake (27). In March 2005,
pramlintide was approved by the US FDA as an adjunctive therapy in people with type 1
or type 2 diabetes and who fail to attain adequate glycemic control despite optimal insulin
therapy.

Studies in Type 1 Diabetes

When administered in physiologic doses to people with type 1 diabetes, injections of
pramlintide result in sustained reductions in A1c associated with significant blunting of
the glucose response to a standardized meal. In addition, significant reductions in the
postprandial concentrations of triglycerides, and of several measures of oxidative stress:
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nitrotyrosine, oxidated-LDL, and total radical-trapping antioxidant parameter have been
reported (28–30).

Several long-term, randomized, placebo-controlled trials of pramlintide in people
with type 1 diabetes have shown consistent reductions in A1c accompanied by modest
weight loss. In all of the studies, patients treated with pramlintide experienced a two- to
threefold higher rate of nausea than those in the placebo group. Most of the nausea was
described as mild to moderate and tended to decrease in frequency and severity with time
(31–33). In one study, only 7.4% of subjects on pramlintide discontinued the study due to
nausea (33). In a large 52-week trial, the SC administration of 60 �g of pramlintide three or
four times per day led to a reduction in A1c of 0.29% and 0.34%, respectively. Both groups
treated with pramlintide experienced a modest weight loss of 0.4 kg, compared to weight
gain of 0.8 kg in the placebo group. Those treated with pramlintide experienced a fourfold
higher rate of severe hypoglycemia, the frequency of which decreased to levels below that
of the placebo group after the first 4 weeks. Investigators were asked to maintain constant
insulin doses, unless hypoglycemia occurred (32). In contrast, the SC administration of 30
and 60 �g of pramlintide in another trial resulted in a placebo-adjusted 0.27% reduction
in A1c and 1.5 kg weight loss without an increase in risk of severe hypoglycemia. The
lower rate of severe hypoglycemia in this study is likely due to the protocol allowance of
investigator-initiated reductions in the dose of insulin at the initiation of study drug.

Analysis of the results of these trials prompted the manufacturer to recommend ag-
gressive reduction in prandial insulin doses upon the introduction of pramlintide. A recent
study, comparing the addition of pramlintide or placebo to maximized insulin therapy,
showed that a prospective 30% to 50% reduction in prandial insulin dose resulted in a
marked reduction in the risk of severe hypoglycemia in both groups. Starting at a baseline
average 8%, A1c was reduced by 0.5% in both groups, but those on pramlintide experienced
weight loss, lower postprandial glucose levels and lower triglyceride levels (31). Subjects
treated with continuous SC insulin infusion were evaluated with continuous glucose mon-
itoring before, during, and after 30 �g pramlintide t.i.d. was added to their preexisting
regimen. To avoid hypoglycemia, the baseline insulin dosage was reduced by at least 10%
at the initiation of pramlintide therapy. Compared to baseline measures, mean 24-hour
glucose concentration was significantly reduced by the addition of 30 �g pramlintide t.i.d.
to preexisting continuous SC insulin infusion. The number of glucose measurements above
140 mg/dL decreased from 59% to 48%, without an increase in those below 80 mg/dL (29).

The optimal timing of pramlintide was studied in 38 subjects with type 1 dia-
betes given a standardized mixed meal. Insulin doses were adjusted before the study,
but kept constant for each of the five meal tests. Relative to the meal, the subjects
were given regular insulin at −30 minutes or insulin lispro at 0 minute in addition to
either placebo at −15 minutes or pramlintide 60 �g at −15, 0, +15, and +30 min-
utes. Glucose area under the curve was significantly lower after each pramlintide treat-
ment, but only preprandial pramlintide dosing blunted the immediate postprandial rise.
Those receiving insulin lispro and pramlintide immediately before meals had a reduc-
tion in glucose at 60 minutes but experienced a gradual rise in glucose for the re-
mainder of the 6-hour study. Postprandial glucose levels appeared to be more stable in
those treated with regular insulin. There were no episodes of severe hypoglycemia in this
study (34) (Fig. 2).

Clinical Use of Pramlintide in Type 1 Diabetes

Patients with type 1 diabetes who have failed to achieve adequate glycemic control despite
optimal insulin therapy are candidates for therapy with pramlintide. For optimal response
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Figure 2 Comparison of regular insulin versus insulin lispro on postprandial glucose profiles
following pramlintide versus placebo injections. Source: Data from Ref. 34.

and safety, care should be taken to select appropriate patients. Certain clinical features
predict either a poor response to or an increased risk with pramlintide therapy. It should
not be used in patients who fail to keep appointments with the diabetes care team, have
demonstrated poor adherence to their insulin regimen or glucose monitoring schedule,
and in those with hypoglycemia unawareness or recurrent severe hypoglycemia. People
with a confirmed diagnosis of gastroparesis or severe renal failure are unlikely to tolerate
pramlintide, due to gastrointestinal side effects (35). In the prescribing information, the
manufacturer suggests that pramlintide should not be used when A1c � 9.0%, however
a consensus of diabetes experts agreed that an A1c � 10% may be more reflective of
problematic adherence issues.
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If the patient appears to be a good candidate for pramlintide, they should be counseled
to help them balance realistic expectations for the benefits with the cost, the side effects,
and the risk for hypoglycemia. If they wish to proceed, the patient should be asked to
perform pre- and postprandial glucose measurements and to keep a detailed dietary and
exercise log for at least 1 week prior to initiation of pramlintide therapy. Most patients
will benefit from at least one visit to a diabetes educator who is experienced in the use of
pramlintide. Many diabetes educators have training and experience to counsel the patient on
appropriate adjustments in diet and insulin doses that might be needed when pramlintide in
started. Prior to starting pramlintide, insulin therapy should be optimized with a physiologic
regimen using basal–bolus insulin replacement via multiple daily injections or an insulin
pump. In the event that basal insulin dose exceeds 50% of the total daily dose of insulin,
additional office visits may be needed to optimize their baseline insulin regimen prior to
the addition of pramlintide therapy.

The excess risk for insulin-induced severe hypoglycemia, reported in the early pram-
lintide clinical trials, can be minimized by reducing the dose of prandial insulin by as much
as 50% prior to the initiation of pramlintide (35). If patients are counting carbohydrates,
their insulin to carbohydrate ratio should be reduced. For example, if the patient is using
a ratio of 1 U per 15 g of carbohydrate, it should be reduced to 1 U per 20 to 30 g of
carbohydrate. Patients should be cautioned about using correction insulin, but if used, the
correction factor should also be doubled. While a 50% reduction will likely eliminate any
increase in risk for hypoglycemia, it often frustrates the patient due to the frequent occur-
rence of marked hyperglycemia. The expert members of the consensus panel agreed that,
in many cases, a reduction of prandial insulin in the range of 25% to 50% may be more
appropriate (36). Furthermore, if basal insulin represents more than 50% of the total daily
dose, it should be decreased by 50% (37).

Because pramlintide induces satiety, postmeal administration of the rapid acting
analog will ensure appropriate insulin dosing for the actual amount of carbohydrate ingested.
For patients using insulin pumps, the prandial insulin can either be given after the meal
or premeal, as a 1-hour extended bolus. Premeal regular insulin is an option for those on
multiple daily injections who have difficulty remembering a postmeal injection.

To minimize gastrointestinal side effects, pramlintide should be started at a low dose
and increased as tolerated. As recommended by the manufacturer, an initial dose of 15 �g
(2.5 U) should be given immediately before carbohydrate-containing meals at least 2 inches
away the site of the insulin injection. After at least 3 days without clinically significant
nausea or hypoglycemia, the dose should be titrated at 15 �g (2.5 U) increments to a
maintenance dose of 30 �g (5.0 U) or 60 �g (10 U), as tolerated. If a patient is unable
to tolerate the 15 �g starting dose, it may be reasonable to reduce the starting dose to as
low as 6 �g (1 U) and titrate using smaller increments. Those unable to titrate to the full
dose of 60 �g t.i.d. should be encouraged to increase their dose slowly to the maximally
tolerated dose. An alternative protocol is reported to be easier to implement. Pramlintide
can be started at a dose of 12 �g (2 U) t.i.d., increasing by increments of 6 �g (1 U) every
other day until reaching the target dose of 60 �g (10 U) (38). At the same time, mealtime
insulin should be decreased by 25%.

It is recommended that pramlintide and insulin be given at different injections sites,
however, no significant effects were seen when pramlintide was mixed with human regular,
NPH or 70/30 insulins (39). Although far from uniform, obese patients with type 1 diabetes
often experience fewer gastrointestinal side effects from pramlintide and may tolerate, and
benefit, from increasing the dose beyond the recommended dose of 60 �g.

Within the first week after starting pramlintide, patient contact in the form of an office
visit, phone call or email is encouraged. There is considerable variation in the length of
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time it takes for patients to reach stable glucose levels, but it may take 1 to 2 months after
the addition of pramlintide. During that time, frequent contacts with the health-care team
will likely be needed. Patients should be encouraged to contact the health-care team in
the event of intolerable side effects, severe hypoglycemia, or marked fluctuations in blood
glucose levels. A referral to an experienced diabetes educator to supervise the initiation of
pramlintide therapy will often ease the transition for patient and for their provider.

An individual’s response to therapy can be quite variable, but is best be evaluated
by frequent self-monitoring of blood glucose or continuous glucose monitoring. Once
stabilized, most patients will note a decrease in their average blood sugar accompanied by
an improvement in the variability of their blood sugars. While weight loss is a goal for
many who decide to start pramlintide, the effects are generally modest, averaging 1 to 2 kg
(32,33). To avoid disappointment, realistic expectations must be presented at the outset.
Although no studies have reported data about changes in quality of life with pramlintide
therapy, patients frequently report an improvement in overall sense of well-being as a
benefit of the use of pramlintide. The mechanism for this is unknown, but may be due to
blunted glycemic excursions (37).

METFORMIN

Background

Metformin, an oral antihyperglycemic agent, has been used in the therapy of type 2 diabetes
for over 40 years. Through mechanisms that have been incompletely defined, metformin
lowers fasting glucose by 25% to 30%, primarily by reducing the excessive hepatic glu-
coneogenesis that characterizes type 2 diabetes. Studies also point to the contribution of
improved insulin-stimulated glucose uptake by peripheral tissues to metformin’s effects
on glycemic control (40). When added to insulin therapy in patients with type 2 diabetes,
metformin is associated with an improved in glycemic control and up to a 50% reduction
in insulin requirements (41). Therapy with metformin is also associated with improved
lipoprotein profile, increased fibrinolysis, and a modest weight loss, all of which may con-
tribute to the 39% reduction in risk for myocardial infarction that was seen in the UKPDS
34 study.

Studies of Metformin in Type 1 Diabetes

Theoretically, metformin, through its effects on hepatic glucose output, might improve
glycemic control in people with type 1 diabetes who fail to reach glycemic targets despite
optimal insulin and dietary therapies. When metformin 850 mg t.i.d. was added to insulin
in 15 subjects with type 1 diabetes, insulin requirements, as measured by an artificial
pancreas, decreased by 25.8% (42). Several small studies have assessed the effects of
the addition of metformin to background insulin therapy in type 1 diabetes: a placebo
corrected reduction in A1c of 0.6% to 1.1%, a reduction in insulin dose, but variable effects
on weight were demonstrated (43–46). In the studies that included measures on insulin
sensitivity, an inverse relationship between baseline insulin sensitivity and reduction in
A1c was evident (44). The largest study evaluated the addition of metformin to continuous
SC insulin infusion in 62 c-peptide negative adolescents with average BMI of 26 kg/m2.
There was no apparent improvement in glucose control, as measured by A1c. However, the
mean baseline A1c level of 7.4% was much lower than was reported in the other studies. A
7.9% reduction in the requirement for basal insulin was noted with metformin treatment,
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compared with an increase of 2.8% with placebo. Metformin also exerted a beneficial
effect on LDL cholesterol (201 ± 27 vs. 185 ± 26 mg/dL). There was no significant
difference in weight or rate of hypoglycemia between the treatment groups. Overall, the
safety profile of metformin treatment was excellent. However, 5% of the metformin-treated
group was unable to complete the study due to mild to moderate gastrointestinal side effects
(47). The authors report that a subset of their study subjects experienced 20% or greater
reduction in insulin requirements with stable and satisfactory glucose control, but they
were unable to identify criteria that might predict response (48). In contrast, in a 16-week
study of 15 of overweight adults with type 1 diabetes with a mean BMI of 31 kg/m2,
treatment with metformin 850 mg t.i.d. was associated with a fall in A1c from 8.5% to
7.8%, compared to no change in the placebo group. Fasting glucose levels fell by 56 mg/dL
and insulin requirements were 16% lower in the metformin group at the end of the study.
The improvement in glucose control with metformin occurred without an increased risk for
hypoglycemia. Like previous studies, weight did not change with metformin treatment in
this study (43).

Clinical Use of Metformin in Type 1 Diabetes

There is little data to guide the clinician on the use of metformin in patients with type
1 diabetes. Given the data above, metformin may improve glucose control in overweight
patients with type 1 diabetes without increasing the risk for hypoglycemia. It is contraindi-
cated in chronic renal failure, congestive heart failure, and severe hepatic disease. Although
gastrointestinal side effects occur in up to 30% of treated patients, only 5% of subjects with
type 2 diabetes rated them as severe enough to stop treatment (41). If a trial of therapy
with metformin is appropriate, it is reasonable to use current recommendations for people
with type 2 diabetes: start metformin at 500 mg once or twice daily and gradually increase
the dose up to 2000 mg per day or to the maximum tolerated dose. Due to its insulin sparing
effect, when metformin is added to insulin therapy in patients with type 1 diabetes, basal
insulin dose should be reduced by 10% to 20%. Metformin therapy should be discontinued
if glucose control fails to improve, when measured by A1c, frequency of hypoglycemia
or by glucose excursions. Metformin should not be used in people at high risk for lactic
acidosis, especially those with significant renal or hepatic disease.

THIAZOLIDINEDIONES

Background

Thiazolidinediones (TZDs), through stimulation of the peroxisome-proliferator-activated
receptor gamma (PPAR� ), improve glucose control in type 2 diabetes by enhancing insulin-
mediated glucose uptake. In animal and human subjects, insulin resistance contributes to
the risk for cardiovascular disease, through its association with several key risk factors for
cardiovascular disease: hyperglycemia, hypertension, dyslipidemia, abnormal fibrinolysis,
and inflammation. The most important site of action of TZDs is in the adipose tissue, where
these medications have been shown to regulate the secretion of several adipocyte products
(adipokines) that play a major role in insulin sensitivity, endothelial dysfunction, and
atherosclerosis (49). In addition to lowering the concentrations of free fatty acids, insulin
and glucose, therapy with TZD’s have been shown to improve many of the traditional
and nontraditional risk factors for cardiovascular disease (50). The addition of the TZD,
rosiglitazone, to insulin therapy in subjects with type 2 diabetes, resulted in a reduction
of A1c from a baseline value of 9.0% to 7.9%, accompanied by a 12% reduction in
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insulin requirements after 26 weeks (51). Additionally, subjects with type 2 diabetes and
cardiovascular disease had a 16% reduction in the secondary composite endpoint of all-
cause mortality, myocardial infarcts, and stroke when pioglitazone (vs. placebo) was added
to their glycemic regimen (52), suggesting a cardiovascular benefit of specifically treating
insulin resistance in this population. When a TZD is added to insulin in subjects with type 2
diabetes, significant edema occurs in about 15%, sometimes precipitating congestive heart
failure. Other common side effects include mild anemia and weight gain.

Studies of Thiazolidinediones in Type 1 Diabetes

Given that intensive control of type 1 diabetes is associated with a very high prevalence
of obesity and metabolic syndrome, it seems reasonable to consider using these agents in
those who have not achieved adequate glycemic control on intensive insulin regimens.

However, only one study testing the effects of the addition of a TZD to insulin therapy
in type 1 diabetes has been published. Fifty adult subjects with type 1 diabetes and a BMI
≥ 27 kg/m2 were randomized to receive either rosiglitazone 4 mg twice daily or placebo for
8 months. Changes in the insulin regimen were encouraged in both groups. Patients in both
treatment arms experienced a reduction in A1c of approximately 1%, without a significant
differences between the groups. Total daily insulin dose decreased by an average of 2 U
in the subjects taking rosiglitazone, but increased by an average of 8 U in the subjects
taking placebo. The average weight increased by approximately 3 kg in both groups. In the
subset of subjects with BMI ≥ 30 kg/m2, those treated with rosiglitazone experienced a
significantly greater reduction in A1c of 1.4% compared to a reduction of 0.64% in those
receiving placebo (53). The change in A1c in the rosiglitazone arm correlated inversely with
an estimate of insulin sensitivity (54). Another study suggests that early introduction of
TZD therapy in patients with latent autoimmune diabetes of the adult (LADA) may help to
preserve islet beta cell function. In a small study, the addition of rosiglitazone to SC insulin
therapy in patients with LADA appeared to preserve c-peptide response to glucose when
compared to those treated with insulin alone (55). Pioglitazone is another thizaolidinedione
approved for treatment of type 2 diabetes, however no clinical studies using this agent in
type 1 diabetes have been published to date.

Clinical Use of Thiazolidinediones in Type 1 Diabetes

Although there is very little data to guide the use of TZDs in type 1 diabetes, it appears that
a subset of obese subjects might benefit with improvement in glycemic control and decrease
in insulin requirements and may also benefit from their putative cardioprotective actions. If,
after carefully weighing the risks and benefits, a trial of a TZD is deemed to be worthwhile,
insulin doses should be decreased by about 10% upon initiation of the thiazolidinedione.
Close follow-up is essential to evaluate insulin therapy, determine effectiveness, and to
watch for side effects. If no clinical response is evident by 3 to 6 months, therapy should
be discontinued. TZDs should not be used in people with stage III or IV congestive heart
failure or severe liver disease.

ALPHA-GLUCOSIDASE INHIBITORS

Background

Acarbose, through the inhibition of intestinal alpha-glucosidase enzyme, delays the absorp-
tion of ingested carbohydrates.
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Studies of Alpha-Glucosidase Inhibitors in Type 1 Diabetes

Although only approved in the United States for management of type 2 diabetes, the results
of several small studies in type 1 diabetes have been reported. The acute administration of
up to 200 mg of acarbose, with a test meal, to subjects with type 1 diabetes is associated
with a 20% to 30% reduction in postprandial glucose levels and a 40% reduction in insulin
requirements as compared to placebo treatment (56,57). The chronic administration of
acarbose also lowers postprandial glucose levels, but has a variable effect on A1c levels. In
an open-label 16 week study of 62 adults with type 1 diabetes, given acarbose at daily dose
of 75 to 300 mg, A1c fell from 8.5% to 8.2%. Compared to baseline, only the postlunch
glucose levels were significantly lower with acarbose treatment (58). In contrast, a 24-week
double-blind, placebo-controlled multicenter trial of acarbose in 121 subjects with type
1 diabetes demonstrated no difference in A1c, despite a 47 mg/dL average reduction of
postprandial glucose levels (59). When acarbose 300 mg t.i.d. was compared to placebo as
adjunctive therapy to insulin in 264 subjects with type 1 diabetes, a reduction in postmeal
glucose of 59 mg/dL was accompanied by a 0.48% improvement in A1c after 36 weeks
(60). Dose-dependent side effects of flatulence and diarrhea occurred in up to 75% of
patients treated with acarbose, approximately double that of the placebo-treated subjects
(59). Two other alpha-glucosidase inhibitors have been marketed. However, these agents
have not been specifically studied in type 1 diabetes.

Clinical Use of Alpha-Glucosidase Inhibitors in Type 1 Diabetes

Very limited guidance exists for the use of these agents in type 1 diabetes. Based upon the
clinical trial results, these agents may be helpful to decrease postprandial glucose levels in
patients with poorly controlled type 1 diabetes. If used, they should be initiated at the usual
starting dose of 25 mg with the first bite of each carbohydrate-containing meal and titrated
up according to response and tolerability. The maximum dose of acarbose is 100 mg t.i.d
with meals, though doses above 50 mg t.i.d. are not recommended for those weighing less
than 60 kg. They should not be used in patients with liver disease. Adjustment in insulin
doses should be based upon the evaluation of postprandial glucose levels before and after
the initiation of therapy. Therapy should be discontinued if postprandial glucose levels
or A1c do not improve within 3 months. Obviously the side effect profile may limit the
widespread application of these medications in type 1 diabetes.

INCRETIN THERAPIES

Background

Through multiple mechanisms, the intestinal hormones, glucagon-like intestinal peptide-1
(GLP-1), and gastric inhibitory polypeptide (GIP) pay an important role in the regulation
of the glycemic response to carbohydrate ingestion. Both GLP-1 and GIP stimulate insulin
secretion in response to food. GLP-1, but not GIP, has other important glycemic actions
including suppression of the secretion of glucagon by the pancreatic alpha cell, slowing
of gastric emptying and suppression of food intake. The combined actions of the incretins
contribute to limit the rise in glucose in the postprandial state in individuals with normal
glucose metabolism (21). Meal tolerance tests indicate that postprandial GLP-1 secretion
is deficient in type 2 diabetes. Acutely, treatment with IV infusions of GLP-1 nearly
normalizes blood glucose levels and leads to weight loss in subjects with type 2 diabetes
(61). Studies also suggest that GLP-1 may increase the number of beta cells in animal
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models of diabetes by increasing beta cell proliferation and neogenesis and by reducing the
rate of apoptosis (62). GLP-1 receptor agonists and inhibitors of the enzymatic inactivation
of GLP-1 have been developed for the treatment of type 2 diabetes.

Studies in Type 1 Diabetes

In c-peptide positive type 1 diabetes, the administration of IV infusion of GLP-1, in place
of prandial insulin, prevented the rise in glucose level after a carbohydrate-containing
meal. Supression of postprandial glucagon secretion and slowing of the delivery of gastric
contents to the small intestine likely contributed to the blunting of the glycemic excursion in
this study. The effect of GLP-1 on insulin secretion in this population was not reported (63).
When given to subjects with c-peptide negative type 1 diabetes, a SC injection of GLP-1
along with usual doses of preprandial insulin blunted the rise in postprandial glucose levels.
Not surprisingly, there was no demonstrable increase in insulin levels (64). Similar effects
were seen when the GLP-1 receptor agonist, Exenatide-4 was given subcutaneously at a
dose of 0.03 �g/kg 15 minutes before a test meal along with usual prandial insulin dose
to subjects with c-peptide negative type 1 diabetes. It effectively reduced the postprandial
excursion of glucose 15 to 60 minute delay in gastric emptying was demonstrated by
measuring the rate of appearance of a dose of acetaminophen given concurrently with the
meal (65).

The results of several small studies suggest that incretin therapies may have a role
to improve the outcomes of islet cell transplants. When exenatide was given to patients
with secondary islet cell graft failure, glucose levels normalized, preventing the need for
insulin therapy in two patients. An additional eight patients, already on insulin therapy, had
a significant reduction in their insulin requirements (28). When given at the time of islet
transplantation, exenatide decreased the number of islet cell transplantations needed for
insulin independence (66).

SUMMARY

Optimal insulin therapy, using insulin analogues and modern patient self-management
techniques, is not sufficient to achieve near-normoglycemia in the majority of our patients.
Several classes of therapeutic agents look promising as adjunctive therapy for patients with
type 1 diabetes, including pramlintide, metformin, thiazolidinediones, alpha glucosidase
inhibitors, and incretin therapies. Of these, only pramlintide is approved to be used in this
setting. When pramlintide is added to an optimal insulin regimen, it helps to meet the goals
of many patients by improving control of postprandial glucose levels, reducing glycemic
variability, and inducing satiety and modest weight loss. However, in the obese patient with
suboptimally controlled type 1 diabetes, therapy with metformin or a thiazolidinedione
appears to be safe and may be helpful to improve glycemic control. Weight gain, however,
is a complication of thiazolidinedione therapy. Whatever adjunctive therapy is used, careful
selection of patients with good self-management skills will be necessary to minimize the
occurrence of severe hypoglycemia that might result. During the transition, patients should
be advised of the potential risk of hypoglycemia and should be encouraged to test pre-
and postprandial blood glucose levels, particularly when using agents with predominant
postprandial effects such as pramlintide and alpha-glucosidase inhibitors. At present, the use
of incretin mimetics in type 1 diabetes should be limited to clinical trials to better understand
their role, if any in this patient population. The data suggesting that thiazolidinediones and
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incretin therapies may slow the loss of beta cells warrants further study in newly diagnosed
patients with type 1 diabetes or with latent autoimmune diabetes of the adult.
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Since the initial findings from the Diabetes Control and Complications Trial (DCCT) were
published in 1993 (1), the intensification of diabetes management to prevent or slow the
onset of the complications associated with type 1 diabetes (T1D) has been a hallmark of
diabetes treatment. The DCCT findings confirmed the strong link between hyperglycemia
and the complications and put to rest a debate about the necessity of tight glycemic control
[see (2) and (3) for the history of this debate]. During the past two decades, much attention
has been paid to the mechanisms that promote hyperglycemia-induced tissue damage and
to the potential ways to modify this process (4–6). The targeted population for intensified
diabetes management may well be 2 million adults with T1D in the United States—based
on the estimate of 10% of the 20.6 million diabetes patients (7). Further, the incidence of
T1D appears to be increasing with a tendency toward younger age at onset (8–10). Taken
together, there is a large population of individuals at risk for complications due to T1D with
the likelihood of growing numbers in the future.

In this chapter, we discuss the evidence for hyperglycemia-induced tissue damage
that results in the occurrence of complications and also address five topic areas: (i) com-
plications that result from T1D, focusing on retinopathy and nephropathy as examples of
microvascular complications and noting specific aspects of macrovascular complications,
(ii) findings from the DCCT and several epidemiologic studies (11), as they directly relate
to complications from T1D, (iii) findings concerning the pathways from hyperglycemia to
tissue damage at the molecular level, highlighting the most accepted pathways and common
links between them, (iv) the genetic and environmental factors that contribute to chronic hy-
perglycemia and eventually to long-term complications, and (v) the current momentum and
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Figure 1 Pathways and mechanisms of hyperglycemia-induced tissue damage.

the potential future work for finding effective treatments and interventions for preventing or
slowing the complications associated with T1D. The conceptual framework that illustrates
these associated topic areas is depicted in Figure 1. There are genetic and environmental
influences that promote both the occurrence of hyperglycemia as well as the progression to
complications. Further, the link between hyperglycemia and complications occurs through
several pathways that may be moderated by various accelerating factors.

COMPLICATIONS ASSOCIATED WITH T1D

T1D places demands on the individuals as well as their support system (i.e., spouses or
partners, children); however, the physical consequences of T1D specifically affect the in-
dividuals. Many adults with T1D end up facing complications as the result of long-term
exposure to fluctuations in glucose levels. Indeed, complications associated with T1D are
typically initiated by chronic hyperglycemia (1). The most common microvascular compli-
cation of T1D is retinopathy; however, other common microvascular complications include
nephropathy and neuropathy. Large-scale epidemiologic studies have found that nearly
three-quarters of their samples with 20 years of T1D have retinopathy [e.g., Wisconsin data
(12) and Pittsburgh data (13)] and rates of retinopathy are high in racial and ethnic minority
groups (e.g., African-American) as evidenced by a 6-year progression to nonproliferative
retinopathy of 56% and progression to proliferative retinopathy of 15% (14).

Much of what we know about the occurrence of complications associated with dia-
betes has developed from the DCCT and the Epidemiology of Diabetes Interventions and
Complications (EDIC) study (11). The DCCT and EDIC data reflect a consistent and esca-
lating relationship between glycemic levels and the occurrence of complications (Fig. 2). In
other words, as glycemic control worsens, the risk of complications continuously increases.
Recently, both Nathan (3) and Genuth (15) reviewed the DCCT and EDIC studies and high-
lighted the findings as they related to long-term complications. The main conclusions of
the DCCT and EDIC studies include (i) the risks of three main microvascular complica-
tions (retinopathy, nephropathy, neuropathy) and the development of atherosclerosis are
reduced by intensive treatment; (ii) intensive treatment should be implemented as early
as possible; (iii) near-normoglycemia should be the target and efforts should be made to
keep hemoglobin A1C as close to the normal range as possible; and (iv) the benefits of
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Figure 2 Glycemic control and complications (from DCCT/EDIC findings).

near-normoglycemia persist well after the start of intensive insulin therapy, as captured in
the concept of “metabolic memory.”

Participants in the DCCT were either part of a primary prevention cohort with no
complications and 1 to 5 years of T1D or a secondary intervention cohort with mild
microalbuminuria and 1 to 15 years of T1D. The benefits of intensive treatment were found
in both groups; however, the benefit was stronger in the primary prevention cohort (1).
For example, with regard to the incidence of retinopathy, there was a 76% reduction in
the primary prevention group and 54% reduction in the secondary cohort as compared to
those in the standard treatment arm. This supports the suggestion that early intervention,
prior to the onset of complications, is beneficial and that tight control after developing
complications can slow progression. Moreover, the intensively treated group continued
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to show sustained benefit, in comparison to the conventionally treated group, from prior
tight control (16–18). The findings of similar A1C levels for both the intensively and
conventionally treated groups during the EDIC follow-up further illustrates this notion of
“metabolic memory” (18). In addition, as with other studies (12–14,19,20), there appears
to be a “momentum” of retinopathy that becomes difficult to slow, even with intensive
treatment. This is evidenced by the DCCT findings that those who entered the study with
the highest baseline A1C values and the longest duration of diabetes were most resistant to
changing the course of retinopathy development (1).

Nephropathy is another major microvascular complication associated with T1D and
has the highest mortality rate of the complications. Rates of nephropathy in individuals with
T1D can be best classified by rates of each of the various stages (i.e., microalbuminuria,
proteinuria, and end-stage renal disease). Specific rates of microalbuminuria are high-
est, nearly reaching 60%, by 20 years (21,22). Proteinuria rates climb to nearly 30% by
20 years and end-stage renal disease occurs in nearly a quarter of patients by 35 years
(23). However, DCCT and EDIC data show a clear benefit in terms of reduced nephropathy
through intensive insulin therapy. After approximately 8 years, there was a sustained 59%
reduction in rates of microalbuminuria and 84% reduction in frank albuminuria for the
DCCT intensively treated cohort in comparison to the conventionally treated controls (18).
Nephropathy is often initially detected as microalbuminuria and can proceed to proteinuria
and end-stage renal disease; however, recent findings suggest that it is reversible at the
microalbuminuria stage. Specifically, there was regression to normal albumin secretion in a
large sample of T1D patients when there was a shorter duration of microalbuminuria and in
the context of tightened glycemic control and other health-related factors (e.g., low systolic
blood pressure, low serum cholesterol and triglycerides) (24).

Another class of complications associated with T1D affects the nervous system.
Neuropathy often manifests as polyneuropathy, with the most common symptomatic form
being distal symmetric polyneuropathy. Rates of neuropathy approach 70% after 30 years of
T1D (13). Like nephropathy and retinopathy, the development and course of neuropathy was
significantly impacted in the DCCT, with a 60% reduction of clinically detected neuropathy
in the intensively treated group (1). Recent findings from the EDIC study reveal long-term
benefit (8.5-years post-DCCT close out) for those in the intensively treated group, further
illustrating the benefit of earlier tight glycemic control (25).

There is far less research on the effects of T1D on the central nervous system (CNS);
however, some studies show changes in brain structure in T1D patients (26–29). Recently,
Musen and colleagues (30) found differences between T1D patients and controls in terms
of gray matter density. Lower levels of gray matter density in the T1D patients were
found and this diminished density was associated with both persistent hyperglycemia and
the occurrence of severe hypoglycemic events. The brain regions implicated in this study
include those areas important to attention, memory, and language processing. Figure 3
provides a depiction of those findings. Of note, this was one of the few studies to use
participants without diabetes as controls and to elucidate structural changes associated with
T1D using these brain-imaging techniques.

Other researches have examined the effects of T1D on changes in white matter;
these studies reveal mixed results (26–29). In separate studies of modestly sized samples
of type 1 and type 2 diabetes patients, Brands and colleagues found increased rates of
white matter hyperinsensitivities in type 2 diabetes patients, but not in type 1 diabetes
patients (31,32). Changes in the CNS, if confirmed by further research, could reflect the
impact of recurrent severe hypoglycemia and/or hyperglycemia. These changes could lead
to cognitive changes when they occur in younger patients with longer durations of diabetes
than seen in the DCCT or EDIC studies or in elderly patients with type 1 or type 2 diabetes.
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Figure 3 CNS-related complications from diabetes. Source: Adapted with permission from
Ref. 30.

Moreover, they could lead to other behavioral consequences known to be associated with
diabetes (i.e., the increased prevalence of affective and anxiety disorders) if the changes
occur in the brain regions involved in emotion regulation.

Neurocognitive function may also be impaired in individuals with diabetes, as evi-
denced by mental slowing, and there are indications that this may be associated with both
hypo- and hyperglycemia (33,34). As part of the DCCT and EDIC studies, participants’
cognitive functioning was assessed across several areas such as memory and processing
speed. In a recent report on EDIC participants by Jacobson and colleagues (35), individuals
with a mean follow-up of 18.5 years (range 15–22 years) showed no cognitive declines as-
sociated with prior intensive treatment or history of severe hypoglycemia—one of the major
risks of intensive insulin therapy. With regard to glycemic control, it appeared that lower
A1C levels exerted a mild protective benefit on two domains of cognitive functioning—
motor speed and psychomotor efficiency. These results belie the suggestion that increased
hypoglycemia with intensive therapy adversely affects long-term cognitive function, and
further support the benefit of improved glycemic control.

Macrovascular complications generally include cardiovascular disease (CVD) with
specific conditions such as hypertension and atherosclerosis as the primary forms of these
complications. It was traditionally thought that macrovascular complications were the result
of long-term exposure to diabetes, but were linked less strongly to glycemic control than
microvascular complications (36). However, long-term follow-up of the DCCT cohorts
demonstrated a reduced risk for macrovascular events in the intensively treated group
(37) as well as the risk factors for atherosclerosis (i.e., carotid intima-media thickening)
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(38). Moreover, a recent meta-analysis showed evidence of reduction in the incidence of
macrovascular events in the presence of improved glycemic control (39). A combined
National Institutes of Health working group, representing the National Heart, Lung, and
Blood Institute and National Institute of Diabetes and Digestive and Kidney Diseases,
recently reported on the relationship between glycemic variations in T1D and CVD (40).
In addition, macrovascular events, in the form of hypertension and atherosclerosis, are
associated with the progression of certain microvascular complications associated with
T1D, particularly nephropathy (39,40), and inflammatory markers and insulin resistance
have also been associated with the progression of nephropathy (41–43). Taken together, the
accumulating data on the development of macrovascular complications and their association
with glycemic control seem to suggest that hyperglycemia can (i) induce macrovascular
events that produce complications associated with T1D and (ii) set into motion a cascade
of factors that may produce an acceleration of mechanisms associated with microvascular
complications of T1D (e.g., hypertension and nephropathy).

Summary

In sum, the effect of chronic hyperglycemia on the classic microvascular complications is
now extremely well documented. There are also suggestions of hyperglycemia-induced
damage to the CNS. Moreover, mounting evidence suggests hyperglycemia-induced
macrovascular damage (e.g., CVD). Treatment that lowers hemoglobin A1C can delay
the onset and progression of microvascular and macrovascular complications (1,3,15,39).
These effects have been shown to persist well after the application of such therapies. Taken
together, these findings emphasize the value of early application of therapies that promote
glycemic control close to the normal range.

PATHWAYS OF HYPERGLYCEMIA-INDUCED DAMAGE

As glucose is metabolized, both intra- and extracellular environments are affected by
hyperglycemia and endothelial damage can occur. There is a debate (4,6,44) over the
pathways through which these hyperglycemia-induced changes in cellular conditions lead
to complications. We focus on four major pathways that have been implicated in the process
leading to microvascular complications: (i) increased polyol pathway flux, (ii) increased
advanced glycation end product (AGE) formation, (iii) activation of protein kinase C
(PKC) isoforms, and (iv) increased hexosamine pathway flux. While we will focus on
these pathways and their association with microvascular complications, these pathways
may be implicated in macrovascular complications as well. Further, these pathways are not
mutually exclusive. One or more of the pathways may be operating at a given time, and the
progression toward complications may require an interaction among them.

(i) In the presence of a hyperglycemic environment, there is an overproduction of the
polyalcohol sorbitol and a decrease in NADPH (used by aldose reductase to reduce glucose
to sorbitol). This change in the intracellular environment results in a build up of sorbitol in
the cell, which is toxic and alters the redox balance (6). Another result of decreased NADPH
is an accumulation of free radicals, which interfere with the mitochondrial production of
energy, potentially leading to the formation of AGEs (45).

(ii) AGEs cause tissue damage and have been used to detect damage due to hyper-
glycemia (46). AGEs are disruptive to the overall process of glucose metabolism in that
these end products tend to accumulate on proteins and modify their functions. Increased
levels of AGEs due to hyperglycemia leads to a rise in the RAGE and AGE complex, which
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Figure 4 Brownlee’s depiction of the four mechanisms and unifying principle. Source: Adapted
with permission from Ref. 44.

is a catalyst for an inflammatory process involving activation and production of cytokines
and vascular growth factors, contributing to overall vascular pathology (47,48). The AGE
pathway from hyperglycemia to microvascular complications is also supported by the find-
ings that an AGE inhibitor, aminoguanidine, slowed the progression of nephropathy in
patients with T1D (51,52).

(iii) PKC is a group of proteins with important roles in cell signaling, expression of
genes, and control over cell division and differentiation (51). There are at least 12 proteins
of the PKC family and 9 have a domain that binds phospholipid diacylglycerol. The
majority of PKC are classic forms and in the presence of calcium and diacylglycerol, these
forms activate vascular growth and apoptotic processes (51). Hyperglycemia increases the
amount of diacylglycerol, thus promoting the activation of PKC (52). With the increased
activation of PKC, this signaling pathway between hyperglycemia and tissue damage may
occur through several mechanisms (e.g., inhibiting the expression of endothelial nitric
oxide synthetase, expression of vascular endothelial growth factor) with resulting vascular
damage (53). Use of ruboxistaurin to significantly inhibit PKC activity has been shown to
mediate abnormalities in the retinal and renal blood flow in animal models (53). Further,
use of this PKC-� inhibitor has been shown to reduce proteinuria and macular edema
(54), illustrating a promising approach to the treatment and prevention of microvascular
complications associated with T1D (6).

(iv) Hyperglycemia has also been linked to tissue damage, especially in the mesangial
cells of the kidney, through hexosamine pathway flux. In general, this process may allow
the cell to determine the level of glucose in its extracellular environment. Activation of
this pathway increases the activity of transforming growth factor-�1, vascular adhesion
molecule-1, and necrosis factor kappa B (NF-�B) enhancer. These proteins are associated
with inflammation, which leads to vascular damage. Systematically, the activation of NF-
�B in macrophages increases the production of inflammatory factors such as vascular
adhesion molecule-1, interleukin-6, and tumor necrosis factor-alpha, furthering possible
vascular damage (4,5). It is hypothesized that as the concentration of glucose increases in
the extracellular area, the amount of glucose shunted through the glucosamine pathway
is increased, thus activating NF-�B and the associated inflammatory processes such as
increased expression of the PAI-1 gene (55).
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UNIFYING MECHANISM

These four pathways have garnered the most attention when considering the molecular link
between hyperglycemia and tissue damage. However, there is still an uncertainty whether
a unifying hypothesis links all of these pathways into a single mechanism. Brownlee and
colleagues (4,44,56) advocate that the common process linking these four pathways of
hyperglycemia-induced damage is the overproduction of superoxide in the mitochondrial
electron-transport chain (Fig. 4). Oxygen free radicals may cause tissue damage in indi-
viduals with diabetes. Evidence for the overproduction of superoxide by the mitochondria
and its impact on microvascular complications appears to be accumulating (44). Sheetz and
King (6) suggest that this unifying hypothesis does not fully capture all of the possible ways
by which hyperglycemia leads to complications. They point to mixed findings in antioxidant
trials as an illustration of two conclusions: (i) there is a potential for these treatments, but
the dosing and specific targeting of the antioxidants is yet to be worked out and (ii) there
is not enough attention on the signaling pathways when simply focusing on removing the
intracellular glucotoxins (i.e., substances formed by hyperglycemia). Considering the first
point, this thought is echoed in a report by Ceriello (57) noting that antioxidant therapy
is promising, yet the specific doses and appropriate target populations have yet to be as-
certained. To the second point, they highlight the signaling pathways (through PKC and
mitogen-activated protein kinase) as mediators between hyperglycemia and the effects of
the glucotoxins (6). For example, PKC inhibitors have been shown to reduce glucotoxins’
effects on the cellular damage of AGEs (58), the production of oxidants (59), and the
vascular endothelial growth factor (60).

Summary

In sum, there is considerable research supporting several potential pathways of
hyperglycemia-induced tissue damage leading to complications. Coupling the work aimed
at specifically targeting the effects of glucotoxins with the research on approaches to in-
hibiting signaling pathways that promote the glucotoxins’ effects (e.g., PKC) may be the
best way to understand this process. Further, it is possible that once the effects of hyper-
glycemia are neutralized through either of these pathways, there is a potential for long-term
benefit as the momentum toward complications is slowed.

CAUSES OF HYPERGLYCEMIA

Genetic Factors

The examination of the genetic factors associated with T1D reveal indicators of suscep-
tibility to the development of T1D (61–63) as well as the development of complications
(64). The most significant findings regarding the risk for T1D are polymorphisms located
in the human leukocyte antigen region. Certain polymorphisms in this region have been as-
sociated with a ten-fold increase in the risk for developing the disease (63). Several studies,
both by candidate gene approach and by genome wide scan, have been done to understand
the vascular complications of retinopathy (65,66) and nephropathy (24). Recently, a study
has been published that identified a genetic variation in the HTRA1 gene that may be
responsible for 49% of the retinopathy experienced by T1D patients (66). This supports
the findings of large epidemiologic studies (e.g., DCCT), which found familial clustering
of retinopathy (67).
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Epidemiologic studies (both family-based and population-based) show a similar, fa-
milial clustering of nephropathy. These studies and others (68,69) indicate that the initiation
and progression of renal disease is in part, genetically determined (70,71). Moreover, can-
didate gene analysis has revealed a significant marker of nephropathy on chromosome 10
(72), providing further evidence of genetic factors in the development of nephropathy. One
example of genetic variation playing a role in the risk for nephropathy comes from an ex-
amination of the role of the angiotensin converting enzyme (ACE) gene in the development
of nephropathy. In this study (73), there was a protective effect for certain ACE genotypes
in that they reduced the risk of persistent microalbuminuria and severe nephropathy. The
power of the large EDIC sample likely aided in the identification of this three-marker hap-
lotype as only a small proportion of the prevalence of nephropathy was explained by these
variations, 0.5% to 0.8%. Moreover, in a recent paper, presenting data from the Pittsburgh
Epidemiology of Diabetes Complications Study, examination of individuals who did not
show evidence of common complications (possibly a “protected group”) found that the
deletion of the ACE polymorphism was associated with an increased risk of nephropathy
(74). Thus, ACE genotypes may be implicated in nephropathy risk; however, as the authors
of the study note, these investigations are preliminary but they do offer a promising avenue
of research aimed at further elucidating the genetic factors associated with the development
of complications.

Environmental Factors

The environmental factors associated with the onset and progression of complications
include physiologic characteristics influenced by lifestyle (dietary intake, participation in
unhealthy behaviors such as smoking) as well as other behaviors (e.g., adherence to the
diabetes management regimen) and emotional conditions (e.g., depression). In the post-
DCCT era, much attention is paid to the intensification of diabetes management (75). This
places new demands on adults with T1D and the promotion of self-management adherence
is a major aim of clinicians and clinical researchers. Adherence is not a univariate construct,
but one that is influenced by more specific areas—adherence to blood glucose monitoring,
taking prescribed medication, following treatment recommendations—and a construct that
is influenced by lifestyle, educational, and motivational barriers (76–79). There is evidence
that adherence is linked with glycemic control, with indicators such as less frequent blood
glucose monitoring associated with suboptimal glycemic control (80).

Emotional conditions also may contribute to the occurrence of hyperglycemia.
For example, stress—associated with physiologic alterations such as increased levels of
glucocorticoids—has been linked with both protective and damaging effects on the immune
system (81). Indeed, in both animal and human models, stress has been shown to be a factor
in the expression of T1D (82) as well as in conditions likely to progress to diabetes (83).
Further, recent reports examining the epidemiology of diabetes in the United States suggest
that stress and depression, along with socioeconomic variables, are related to the incidence
of diabetes (both type 1 and type 2) (84,85). Another recently reported study from Sweden
implicated a pattern of life conflict and symptoms of depression in the onset of T1D in
young adults (86). Given that these factors are linked with the onset of T1D, their continued
presence may further contribute to hyperglycemia and eventual complications.

Depression has been examined with regard to its link to diabetes (87). A meta-analysis
of the prevalence of depression in adults with diabetes (88), including 48 studies totaling
nearly 22,000 adults, found the overall prevalence of depression in adults with diabetes was
25.3%, in contrast to the rate found in control participants in these studies (11.4%). Further,
calculations of the odds ratios for developing depression in adults with diabetes showed
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that the odds were slightly greater than two to one for adults with diabetes compared to
adults without diabetes. There were slightly higher rates of depression in women than in
men, but no difference between the rates of depression in adults with type 1 versus type 2
diabetes.

In a meta-analysis of depression and glycemic control, 26 studies were reviewed
and a positive association existed between the presence of depression and poor glycemic
control (89). The mechanisms underlying this connection between depression and diabetes
may not be fully delineated (90), but one avenue may be adherence as a mediating variable
between depression and health outcomes (80) or as noted earlier, a direct link due to stress
hormones. Further, some of the factors that appear to be associated with depression in adults
with diabetes include female gender, low income (an indicator of socioeconomic status),
and poor social support (91). Depression has also been linked to complications associated
with T1D (92). An increase in depression was associated with severity or number of
complications in this meta-analysis. The authors highlighted the possibility that depression
may precede or follow complications. Future studies are needed to clarify the direction of
this relationship.

Recently, Lustman and colleagues (93) found that while depression and adherence
were both associated with hyperglycemia directly, a mediational path indicated previously
(94) was not confirmed. In other words, depression was directly associated with hyper-
glycemia, but not indirectly through adherence. This suggests that there may be a different
mechanism between depression and adherence, one that is not fully elucidated at this
point. In another recent study by Lustman and colleagues (95), individuals recovering from
depression were either exposed to sertraline (an antidepressant in the serotonin-specific
reuptake inhibitor class) or placebo. Approximately half of the 152 patients (both type 1
and type 2 diabetes) received the antidepressant and reduced their risk of recurrence of
depression by half and experienced a four-fold increase in time to recurrence, as compared
to the placebo group. During that time, these individuals also experienced an improvement
in glycemic control. Whether these glycemic improvements are attributable to depression
in unclear, but these results show promise for future work in treating depression to improve
the glycemic outcomes associated with T1D.

Summary

Genetic and environmental factors are associated with various aspects of diabetes (e.g.,
hyperglycemia) and the development of complications, either directly through biologic
mechanisms or indirectly through such factors as behavior or emotional conditions. In
large part, these areas need further support, but offer a promising perspective on ways to
prevent hyperglycemia and long-term complications associated with T1D. In the following
section, we discuss approaches to modify the effects of hyperglycemia on complications,
whatever the specific biologic pathways and genetic influences.

PREVENTION OF TISSUE DAMAGE AND COMPLICATIONS

There appear to be several approaches to preventing or slowing the progression of com-
plications associated with T1D. In this chapter, we have highlighted the research on hy-
perglycemia as the number one culprit in the development of long-term complications.
However, as we have demonstrated, the etiology of hyperglycemia is multifactorial. In
addition, once hyperglycemia is present, the molecular pathways that ultimately lead to
complications are varied and may or may not rest on a unifying link. Taken together, our



OTE/SPH OTE/SPH

DK6222_c07 IHUS006-Jabour October 10, 2007 9:20 Char Count=

Hyperglycemia-Induced Tissue Damage 137

chapter highlights that multiple methods are necessary in order to prevent the long-term
complications commonly associated with T1D. One method concerns a focus on stopping
hyperglycemia before it happens by identifying the risk across multiple factors (e.g., genet-
ics, lifestyle, and emotional factors) and intervening early, before these factors can cause
prolonged hyperglycemia. A second method is aimed at attacking hyperglycemia on the
molecular level through novel pharmacologic approaches.

The attainment of near-normoglycemia from very early on in the onset of the disease
to protect or delay complications was illustrated in the DCCT and confirmed with long-
term data from the EDIC study and other epidemiologic studies (1,11,13,18,19). If the
knowledge of such findings was enough, clinical investigators would no longer search
for ways to promote near-normoglycemia. For example, less than two-thirds of a large
sample of adults with T1D monitor blood glucose levels at the rate prescribed by the
American Diabetes Association (79). Various psychological programs have attempted to
improve monitoring as well as co-occurring areas of poor adherence, showing promise
for the promotion of self-management (96,97). However, the direct link with glycemic
control is not always apparent. Thus, while there are established programs that promote
diabetes and other health-related outcomes, work remains in order to reduce the exposure
to hyperglycemia that many individuals with T1D experience.

Researchers examining the molecular pathways between hyperglycemia and tissue
damage have proposed several methods for both the prevention of the adverse effects of
hyperglycemia and its prevention. Sheetz and King (6) offer a selection of approaches
to prevent complications resulting from hyperglycemia. They describe the first approach
as a “classic” one in which the glucotoxins are neutralized, thus protecting the cell from
the destruction commonly associated with hyperglycemia. As noted earlier, Ceriello (57)
merges several avenues of current and potential work on antioxidants to suggest several
methods for the role of reactive oxygen species. In the second approach, the one they
refer to as a “promising” approach, the activity within the common signaling pathways
are identified and normalized to counter the effects of glucose and glucotoxins created by
hyperglycemia (6). Certainly, there is mounting evidence that PKC plays a pivotal role in
this approach.

Brownlee (44) also advocates several therapeutic approaches on the molecular level.
For example, one approach stems from the overproduction of superoxide (56) and includes
transketolase activators. A simplistic description of this complex process is that trans-
ketolase is activated and the concentration of problematic metabolites is decreased, thus
reducing the flux across the hyperglycemia-induced pathways (98). Through the adminis-
tration of a thiamine derivative, Brownlee and colleagues were able to activate transketolase
and decrease activation in the hexosamine pathway, decrease AGE formation and PKC ac-
tivation (98). In animal studies, they have demonstrated beneficial effects from this novel
therapy. Likewise, Brownlee (44) highlights promising work around poly(ADP-ribose)
polymerase inhibitors and certain catalytic antioxidants such as endothelial nitric oxide
synthetase.

In sum, we have described a multifactorial view of hyperglycemia-induced tissue
damage. The pathways leading to the occurrence of hyperglycemia due to a number of
relevant factors are just as important as the molecular pathways that cause the tissue
damage ultimately leading to complications. Our review of the current state of the field
suggests that many investigators are conducting promising work aimed at changing the
causes of hyperglycemia and diminishing the effects of long-term exposure to high blood
glucose values. The accumulation of research findings in some areas is substantial com-
pared to others, but targeting both the causes and molecular pathways of vascular damage
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will ultimately lead to methods to prevent the onset of complications associated with
T1D.
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Diabetic Retinopathy
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Wills Eye Institute, Philadelphia, Pennsylvania, U.S.A.

INTRODUCTION

Diabetic retinopathy (DR) is the leading cause of blindness in people aged 20 to 74 in
industrialized nations (1). The vast majority of this blindness (95%) is preventable with the
use of routine screening and the application of evidence-based therapy (2). Consequently,
ophthalmologic screening in diabetics is absolutely critical.

DEFINITION, INCIDENCE, PREVALENCE, AND NATURAL HISTORY

DR is a progressive retinal microvascular dysfunction and its sequelae are caused by chronic
hyperglycemia (2). Type 1 diabetes has a prevalence of approximately 2 per 1000 school-
aged children in the United States, and both prevalence and incidence increase with age
(3). The Wisconsin Epidemiologic Study of Diabetic Retinopathy found that the duration
of type 1 diabetes is the best predictor of developing DR (4–6). This natural history study
involved over 10,000 patients beginning in the early 1980s and found that retinopathy
began to occur in type 1 diabetic patients between 3 and 5 years after diagnosis, and by
15 to 20 years, virtually all patients were affected. In contrast, only 50% to 80% of type 2
diabetics have DR at 20 years (7).

PATHOGENESIS

Evidence from the Diabetes Control and Complications Trial (DCCT) suggests that hyper-
glycemia is the primary cause of DR (8). In this study, 1441 patients with type 1 diabetes
were randomly assigned to either conventional or intensive insulin treatment. The study
was divided into a primary prevention arm (726 patients with no known DR) and a sec-
ondary intervention arm (715 patients with mild DR) with a mean patient follow-up time
of 6.5 years. Intensive therapy reduced the risk of developing retinopathy by 76% and
impeded the progression of retinopathy by 54% (9). This reduction in development and
progression was directly correlated with glycemic control as measured by HbA1c (7.9 in the
intensive therapy group vs. 9.9 in the conventional therapy group) (7). Similar reductions in
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microalbuminuria, albuminuria, and neuropathy were found. The most important negative
consequence of intensive insulin treatment in the DCCT was a two- to threefold increase
in severe hypoglycemia (9).

Exactly how hyperglycemia leads to DR is not completely understood. Three main
hypotheses include: the accumulation of advanced glycosylation end products (AGEs); the
accumulation of sorbital within retinal cells; and impaired autoregulation of retinal blood
flow (7).

Chronic hyperglycemia leads to the glycosylation of proteins. Initially the glycosyla-
tion is reversible, but with time becomes irreversible and leads to AGEs through Amadori
rearrangements (10,11). These AGEs then accumulate in vessel walls and cross-link with
collagen causing microvascular damage (12). Compounds that inhibit the development
of AGE formation have been shown to prevent chronic diabetic complications in animal
models; therefore, further investigation is warranted for clinical application (12).

Aldose reductase metabolizes glucose to sorbitol intracellularly. Chronic hyper-
glycemia leads to intracellular elevations in sorbitol causing increased osmolality, which
interferes with cellular metabolism (13). Exactly how this leads to microvascular damage
is incompletely understood (10). In addition to sorbitol’s effects on osmolality, it is also be-
lieved that its metabolism causes increased oxidative stress through free radical formation.
Recent attempts to use aldose reductase inhibitors clinically have met with limited success
(14). Sorbital’s role in diabetic cataract formation has been attributed to osmotic rupture of
lens fiber cells and oxidative damage leading to apoptosis (15).

Normally, autoregulation allows retinal blood flow to remain constant until mean
arterial pressure rises above 40% of baseline (7). Hyperglycemia impairs autoregulation
of retinal blood flow and leads to increased shear stress that stimulates the production
of vasoactive substances (16). These vasoactive substances include vascular endothelial
growth factor (VEGF), insulin-like growth factor-1, erythropoietin, fibroblastic growth
factor, and hepatocyte growth factor and result in proliferative neovascularization (7).

Abnormalities in platelets and coagulation pathways have also been implicated in DR
as increased blood viscosity and thrombosis cause focal capillary occlusion and ischemia
in the retina contributing to DR (2,17).

Genetic and racial factors also influence the likelihood of developing severe DR.
In the DCCT, patients with a relative with DR were three times more likely to develop
severe DR. In multiple studies, African-Americans and Hispanics had an elevated risk for
developing DR (7).

CLASSIFICATION

Early Nonproliferative Diabetic Retinopathy

The retina is particularly sensitive to the metabolic changes and ischemia seen in diabetes
because it is one of the most metabolically active tissues in the body (8). Even before
clinical or histological evidence of DR begins, retinal pericytes and vascular endothelial
cells have already begun to die at an accelerated rate (18).

The first clinically detectable change is microaneurysm formation (Fig. 1). This occurs
as capillary walls weaken secondary to pericyte loss. Hypercellular outpouchings form,
and vascular integrity becomes increasingly compromised with lipid and proteinacious
material leaking and accumulating as “hard” exudates (Fig. 2) (7). As weakening continues,
capillaries begin to rupture. If they bleed deep in the retina, “dot and blot” hemorrhages
are seen, whereas, superficial bleeds are seen as “splinter-” or “flame-”shaped hemorrhages
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Figure 1 Fluorescein angiogram demonstrating microaneurysm formation with leakage.

(Fig. 2). These latter bleeds are identical to those seen in systemic hypertension, and
consequently, blood pressure should be measured if present.

As the capillaries continue to leak and hemorrhage, retinal thickening in the form
of macular edema can manifest as decreased vision (Fig. 3). The edema scatters light and
opacifies the retina. It is the leading cause of legal blindness in diabetics, and it is important
to note that it can occur in the early stages of nonproliferative diabetic retinopathy (NPDR)
and can only be seen with a slit lamp in conjunction with high-power lenses.

Advanced NPDR

Once retinal microvascular disease progresses to the point of causing inner retinal hypoxia,
signs of advanced NPDR begin to appear in the form of cotton-wool spots, venous beading
and loops, intraretinal microvascular abnormalities (IRMA), and areas of capillary nonper-
fusion on fluorescein angiography (FA). Cotton-wool spots, also called “soft” exudates, are
actually nerve fiber layer infarcts. As hypoxia develops in the nerve fiber layer, axoplasmic
flow is halted and leads to swelling giving a white, fluffy appearance. Venous beading
and looping are the result of sluggish circulation and exuberant endothelial replacement of
previously damaged vascular endothelium (Fig. 4) (7). IRMAs are dilated capillaries that
seem to function as collaterals. They do not leak and therefore can be distinguished from
neovascularization using FA.
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Figure 2 Hard exudates ring the fovea.

The Early Treatment Diabetic Retinopathy Study (ETDRS) found that multiple retinal
hemorrhages, venous beading, and looping, IRMA, widespread capillary nonperfusion, and
leakage on FA were all significant risk factors for progressing to proliferative DR; however,
cotton-wool spots were not (19,20). Roughly half of patients with advanced NPDR develop
proliferative diabetic retinopathy (PDR) within 1 year (21).

Figure 3 Optical coherence tomography demonstrating diabetic macular edema.
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Figure 4 Venous loop in an eye with early proliferative diabetic retinopathy.

PDR

NPDR often causes legal blindness with significant residual vision, but PDR can produce
rapid, disabling loss of sight. As the retinal environment becomes increasingly hypoxic,
the ischemic tissues produce vasoproliferative agents such as vascular endothelial growth
factor (VEGF) in an attempt to attract oxygen-laden blood flow. Lacy, delicate vessels
referred to as neovasculariztion begin to proliferate in response (Fig. 5). This often occurs
at the optic disc, near ischemic zones of the retina, and, in severe cases, as anterior as the
iris. These fragile vessels leak fluorescein on FA. The neovascularization tends to grow
along the path of least resistance along the posterior vitreous (gel-like material filling the
posterior chamber of the eye) face (Fig. 6). As the neovascular stalks mature, they become
increasingly fibrous and can create bands of tension on the retina (Fig. 7). Many of the
complications of PDR occur as the vitreous begins to contract and pull away from the retina
with the stalks stretching between the two. This can lead to vitreous hemorrhage, retinal
detachment, retinal breaks, retinal striae, dragging of the macula, and retinoschisis (22).

Other Ocular Complications

Corneal: decreased sensitivity, susceptible to abrasions and erosions.
Glaucoma: neovascular angle closure glaucoma, possible increase of primary open

angle glaucoma.
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Figure 5 Neovascularization of the disc.

Lens: accelerated cataract formation with significantly increased risk of postoperative
cataract extraction complications in the setting of DR, especially PDR, includ-
ing macular and cystoid edema, PDR, vitreous hemorrhage, retinal detachment,
pupillary block, posterior synechiae, severe iritis, and pigment deposition on
the lens implant.

Cranial nerves: optic neuropathy and/or disc edema (often bilateral), pupil sparing
3rd, 4th, and 6th nerve palsy. Prognosis is generally good with recovery within
1 to 3 months.

TREATMENT TO REDUCE RISK AND PROGRESSION

The importance of early glucose control was demonstrated by the DCCT, which found that
intensive insulin therapy reduces the risk of developing retinopathy by 76% and impedes
the progression of retinopathy by 54% with progression being directly correlated with
glycemic control as measured by HbA1c (9). This remains the mainstay of prevention and
treatment in patients with mild to moderate NPDR. However, its benefit in advanced DR
appears to be limited, if present (23,24).

Control of blood pressure slows the rate of progression of DR and reduces the risk
of vitreous hemorrhage (25). The United Kingdom Prospective Diabetes Study (UKPDS)
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Figure 6 Neovascularization grows into the vitreous cavity.

found that in 1148 type 2 diabetic patients, there was a 34% and 47% reduction in pro-
gression of DR and deterioration of visual acuity, respectively in patients with tight blood
pressure control (26). Angiotensin-converting enzyme inhibitors may have a similar benefit
in DR as they do in nephropathy, and their protective benefit is still being evaluated (25).

Interestingly, it appears that antiplatelet therapy with aspirin has no positive or nega-
tive effect on the progression of PDR, vitreous or preretinal bleeding, or visual loss (27,28).
This was observed in the ETDRS, a multicenter randomized clinical trial designed to assess
the effect of photocoagulation and aspirin on 3711 patients with mild to severe NPDR or
early PDR. Accordingly, there is no contraindication of aspirin therapy in patients with DR
who require antiplatelet therapy for cardiovascular risk reduction (28,29).

TREATMENT OF ESTABLISHED DISEASE

Laser panretinal photocoagulation (PRP) of the retina is the primary treatment for PDR
(Fig. 8). Its value was proven in the Diabetic Retinopathy Study (DRS), which randomly
assigned PRP to one eye of 1758 diabetic patients with advanced retinopathy. The DRS
found that photocoagulation reduces the risk of severe visual loss by 50% or more (30).
The question of when to apply PRP was further delineated by the ETDRS. One eye of
each patient was assigned randomly to early photocoagulation and the other to deferral of
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Figure 7 Fibrosis of the neovascularization results in traction on the retina.

photocoagulation (21). Based on the ETDRS, early photocoagulation is not recommended
because severe visual loss is uncommon in treated and untreated eyes; moreover, PRP is
associated with significant loss of visual acuity and peripheral vision, especially in the
first few months after treatment (25). The DRS did identify high-risk characteristics for
which PRP is clearly beneficial: (i) eyes with neovascularization and preretinal or vitreous
hemorrhage and (ii) eyes with neovascularization on or within one disc diameter of the optic
disc equaling or exceeding 1/4 to 1/3 disc area in extent even in the absence of preretinal
or vitreous hemorrhage (30).

Early laser therapy has been found to be helpful in one exception, macular edema.
In this setting, the ETDRS found early focal photocoagulation increased the chance of
visual improvement, decreased the frequency of persistent macular edema, and caused only
minor visual field loss. Therefore, focal laser treatment should be considered for eyes with
macular edema that involves or threatens the fovea (21).

Anecdotal reports suggest intraocular injection of triamcinolone acetate into the vitre-
ous is helpful in eyes with macular edema; however, there are no randomized clinical trials
proving its efficacy in diabetic patients (25,31,32). In addition, it has been associated with
elevations in intraocular pressure leading to glaucoma, cataract formation, endophthalmi-
tis, vitreous hemorrhage, and retinal detachment (33,34). Despite these risks, the anecdotal
evidence of its efficacy has made it a valuable option for the treatment of refractory macular
edema.
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Figure 8 Panretinal photocoagulation is present in the retinal periphery for 360 degrees.

Laser therapy, unfortunately, is at times unable to deter the progression of neovas-
cularization and secondary vitreous hemorrhage and traction retinal detachment. In these
cases, the risk of severe visual disability rises dramatically and surgical intervention is
necessary with vitrectomy. The timing of vitrectomy is important as found in the Diabetic
Retinopathy Vitrectomy Study (DRVS). The DRVS enrolled 370 eyes with advanced, active
PDR and visual acuities of 10/200 or better and randomly assigned the eyes to either early
vitrectomy or conventional management. It found that if vitrectomy was delayed until cen-
tral retinal detachment occurred, only 28% of eyes had a visual acuity of 10/20 or better at
4 years; whereas, 44% had a 10/20 visual acuity or better if vitrectomy was preformed early
(25,35). The major indications for vitrectomy are macular-involving/threatening traction
retinal detachment, combined traction-rhegmatogenous (i.e., torn) retinal detachment, and
nonclearing vitreous hemorrhage (2).

If vitreous hemorrhage occurs, it can be managed conservatively with observation and
laser treatment, surgical vitrectomy, or pharmacologic vitrectomy. Pharmacologic vitrec-
tomy can be preformed with hyaluronidase (Vitrase) injection, which has shown therapeutic
utility in clinical trials (36). A recent case report found that the anti-VEGF antibody beva-
cizumab (Avastin) caused marked regression of neovascularization and rapid resolution of
vitreous hemorrhage (37) (Fig. 9).
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Figure 9 (A) Proliferative diabetic retinopathy with vitreous hemorrhage and tractional retinal
detachment prior to vitrectomy surgery. (B) Same eye following vitrectomy surgery with excision of
the fibrotic neovascularization and removal of the hemorrhage.
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Recently, the use of anti-VEGF therapies has shown great promise in treating multiple
manifestations of DR. Bevacizumab (Avastin), a monoclonal anti-VEGF antibody, was
originally developed as an anti-angiogenic agent for the treatment of metastatic colorectal
cancer. It did not take long before its antiangiogenic properties were considered for use in
ocular, neovascular disease. In a series of 45 treated eyes with PDR, bevacizumab showed
astonishing, rapid regression of retinal and iris neovascularization (38).

Recently, two other anti-VEGF agents, pegaptanib (Macugen) and ranibizumab
(Lucentis), have been approved by the Food and Drug Administration (FDA) for the
treatment of age-related macular degeneration.

Pegaptanib is an RNA oligonucleotide of 28 bases in length with extremely high
affinity for the human VEGF165 peptide (39). In a recent randomized, double-masked,
controlled trial, 172 diabetic patients with a best-corrected visual acuity between 20/50
and 20/320 with macular edema involving the center of the macula where randomized
to intraocular pegaptanib injections (0.3 mg) versus sham injections. The median visual
acuity at 3 months was 20/50 in the pegaptanib group versus 20/63 in the sham group.
The pegaptanib arm had a measurable decrease in macular edema versus an increase in
the sham group. The pegaptanib arm also required less photocoagulation (40), and in
eyes with neovasularization, 62% in the treatment arm had regression versus none in the
sham arm (41). Ranibizumab, a recombinant humanized monoclonal antibody fragment
with specificity for all isoforms of human VEGF, may have even greater potential as
seen in the ARMD trials. One advantage it has over pegaptanib is that it is a fragment
and not a whole antibody. In monkeys, it can penetrate the internal limiting membrane
and reach the subretinal space after intravitreal injection (39). In an early pilot study of
10 patients, ranibizumab’s use in diabetic macular edema had impressive results (42).
Currently, anti-VEGF therapies are only approved to treat the wet variant of age-related
macular degeneration, but with further investigation, it is hoped their approval for use
within DR will be forthcoming.

SCREENING GUIDELINES (43)

The American Diabetes Association has set forth the following guidelines for screening
patients with diabetes:

Type 1:

❖ Comprehensive eye exam (dilated exam by an ophthalmologist or optometrist)
within 3 to 5 years after the onset of diabetes, but no need before age 10 in
most cases

❖ Annual comprehensive eye exam thereafter

Type 2:

❖ Comprehensive eye exam at the time of diagnosis
❖ Annual comprehensive eye exam thereafter

Pregnancy (type 1 or type 2):

❖ Prepregnancy comprehensive eye exam and counseling regarding risks of
development/progression of DR during pregnancy

❖ Comprehensive eye exam during first trimester with a close follow-up
❖ Note: these recommendation do not apply to gestational diabetes as it confers

no increased risk of developing DR.

In 1990, the Dana Center for Preventive Ophthalmology calculated that the federal
government would save $62.1 to $108.6 million annually if the above type 1 guidelines
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were followed (44). Once DR is diagnosed, screening intervals will vary based upon the
severity of the disease. A knowledgeable ophthalmologist or optometrist is essential for
appropriate care at this time.

CONCLUSION

Diabetes remains the leading cause of blindness in the working aged in industrialized nations
largely because of poor screening. With intense blood sugar control, type 1 diabetic patients
can significantly delay the onset and slow the progression of DR. Once DR is diagnosed,
timely focal and panretinal photocoagulation can preserve the majority of patients’ vision.
If DR progresses despite these measures, vitrectomy can be used to prevent and manage
devastating complications. Promising new drugs offer hope in the future for the most severe
disease. Annual screening is cost-effective and is the key to preventing diabetes-related
vision loss.
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Diabetic Nephropathy

Y. Woredekal
SUNY Downstate Medical Center, Brooklyn, New York, U.S.A.

INTRODUCTION

Diabetes mellitus is associated with an increased risk of several comorbid conditions
including coronary artery disease, hypertension, peripheral vascular disease, retinopathy,
and nephropathy (1,2). The involvement of the kidney in diabetes, known as diabetic
nephropathy, is a progressive disease and is often associated with hypertension. Diabetic
nephropathy occurs as a result of both direct and indirect effect of hyperglycemia. Strict
control of hyperglycemia, hypertension, and low protein diet has been shown to slow the
progression of the renal disease.

In the United States and most western developed countries, diabetic nephropathy is
the leading cause of end-stage renal disease (ESRD) in patients starting renal replacement
therapy (3). The mortality rate of patients with diabetic nephropathy is high, and a marked
increase in cardiovascular risk accounts for more than one-half of the mortality rate among
these patients.

In this chapter we try to provide information on the pathogenesis, natural history, and
management of diabetic nephropathy.

EPIDEMIOLOGY

A cumulative incidence of diabetic nephropathy has been documented after 20 to 25 years
of diabetes in both type 1 and type 2 diabetic patients (4,5). The incidence of diabetic
nephropathy is about 1% to 2% per year in patients with type 1 diabetes (6). Among
the young of nonwhite origin with type 2 diabetes, such as Pima-Indians, Japanese, and
African-Americans, the incidence of nephropathy is similar to that of type 1 diabetes (7,8).
By contrast the incidence of diabetic nephropathy is much lower in elderly white type 2
diabetic patients than in nonwhite patients (9).

Recent studies have shown substantial reduction in incidence of diabetic nephropathy
in type 1 diabetes (10,11); for example, a study from Sweden showed a substantial decline in
proteinuria after 25 years of diabetes from 30% in patients in whom diabetes was diagnosed
between 1961 and 1965 to 8.5% in those in whom the onset of diabetes was between
1966 and 1970 (10). Similar finding was also reported from Steno clinic in Denmark
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(11). The decline in the incidence of diabetic nephropathy is attributed to the adoption
in clinical practice of several measures that contribute to early diagnosis and prevention
of the disease. In contrast to the decreasing incidence of diabetic nephropathy in type 1
diabetes, the incidence of diabetic nephropathy in type 2 diabetes has been increasing over
the last 50 years. According to the 2006 United States Renal Data, diabetes is the cause
of renal disease in 44.5% of incident ESRD cases, making the U.S. rate one of the highest
worldwide (3).

There is a marked racial, ethnic, and international disparity in the epidemiology
of diabetic nephropathy. Native Americans, Mexican-Americans, and African-Americans
have a much higher risk of developing ESRD than non-Hispanic whites with type 2 diabetes
(7–9).

NATURAL HISTORY

Diabetic nephropathy in type 1 diabetes follows a well outlined clinical course, starting
with initial period of glomerular hyperfiltration associated with progressive proteinuria,
followed by a gradual decline in glomerular filtration rate, eventually resulting in ESRD
(12). Nephropathy usually becomes clinically evident after 15 to 25 years of diabetes and
almost always progresses to ESRD. By contrast, because of the frequent insidious onset of
type 2 diabetes and the common presence of coexisting vascular disease and hypertension,
early renal involvement is frequently missed in this group of patients. However, in young
patients with type 2 diabetes, recent studies have shown a course of nephropathy similar to
that seen in type 1 diabetes (13,14). Renal involvement in type 1 diabetes has been divided
into four stages.

Stage 1: Glomerular Hyperfiltration and Renomegaly

At the onset of type 1 diabetes mellitus, many patients have an increase in the glomeru-
lar filtration rate (GFR) and renal enlargement (15). Intensive insulin therapy normalizes
hyperglycemia and corrects glomerular hyperfiltration (16,17). However, a substantial sub-
set of individuals, after achieving acceptable level of glucose level continues to manifest
a persistently elevated GFR (18,19). It is within this subgroup of patients with hyperfil-
tration that the initial reduction in GFR is noted, with progression to clinical nephropa-
thy. Glomerular hyperfiltration has also been reported in patients with recent diagnosis
of type 2 diabetes mellitus (20,21) and positively correlates with the development of
nephropathy.

Stage 2: Microalbuminuria

Microalbuminuria is defined as an increased urinary albumin excretion (UAE) (30–299 mg/
24 hr or 20–200 �g/min) not detected by standard bedside tests (dipstick) commonly used
to detect proteinuria. The development of microaluminuria is the most important risk factor
for the development of overt nephropathy. However, overt nephropathy is not its inevitable
consequence. Although many patients, who manifest microalbuminuria, go on to develop
overt nephropathy, a subset of patients’ remains microalbuminuric or even regress to a
normoalbuminuric state (22–24).

Earlier studies had shown that 80% of microalbuminuric type 1 diabetic patients
progressed to proteinuria over a period of 5 to 15 years (25,26). In more recent studies,
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only 30% to 45% of microalbuminuric patients had progressed to proteinuria over 10 years
(22). This change might be due to more intensive glycemic and blood pressure control.

Stage 3: Clinical Nephropathy—Proteinuria and Azotemia

Proteinuria, defined as UAE greater than 300 mg/day, is the universal hallmark of diabetic
nephropathy. After 5 to 10 years of microalbuminuria, macroalbuminuria is detected by
the urine dipstick in 30% to 40% of patients with type 1 diabetes. At this time blood
pressure is usually elevated and renal function begins to decline. The rate of decline in
function varies considerably among patients but averages 1 mL/min per month without
therapeutic intervention. Nearly 100% of diabetic patients who have reached the azotemic
phase of diabetic nephropathy have coincident retinopathy when examined by fluorecein
angiography; the absence of diabetic retinopathy in advanced renal disease is a reason to
doubt the diagnosis of diabetic nephropathy.

It should be kept in mind that because diabetic patients are at equal risk for unrelated
renal disease, the quest for a renal diagnosis should be pursued, including renal biopsy,
whenever the course does not fit the usual pattern of diabetic nephropathy. Renal biopsies
from patients with type 1 diabetes and constant proteinuria show diffuse intercapillary
glomerulosclerosis, mesangial expansion, and a thickened glomerular basement membrane
(27,28).

Glomerular damage continues with increasing amount of protein in the urine. The
kidneys’ filtering capacity began to decline steadily and blood urea nitrogen and creatinine
continue to rise in the blood.

Stage 4: ESRD

ESRD usually occurs 5 to 15 years after the onset of proteinuria. GFR has fallen approxi-
mately to 10 mL/min or lower and renal replacement therapy is needed. In diabetic patients
with declining renal function, uremic signs and symptoms manifest at a higher creatinine
clearance than nondiabetic patients.

PATHOGENESIS

The pathogenesis of diabetic nephropathy is likely due to genetic predisposition, and the
interplay between hemodynamic and metabolic pathways in the renal microcirculation.
Familial studies have demonstrated genetic susceptibility contribute to the development of
diabetic nephropathy in both type 1 (29,30) and type 2 diabetes (31,32).

The diabetic offsprings of parents with diabetes and proteinuria have three to four
times the prevalence of nephropathy compared to the siblings of diabetic parents without
renal disease (29,30). The risk appears to be further increased if both parents have diabetic
nephropathy, as opposed to only one parent with albuminuria (31). This has led to the
suggestion that the predisposition to diabetic nephropathy may be inherited as a dominant
trait.

The leading metabolic factor involved in the development of diabetic nephropathy
is hyperglycemia. First, glucose in high concentration may be toxic to cells, altering cell
growth and gene and protein expression, thus increasing extracellar matrix and growth
factor production. Second, hyperglycemia may induce its adverse effect indirectly through
the formation of metabolic end products such as oxidative and glycation products and also
through activation of protein kinase and renin–angiotensin system.
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Glomerular Hyperfiltration

Glomerular hyperfiltration has been proposed to play a role in the pathogenesis of diabetic
nephropathy by directly promoting extracellular matrix (ECM) accumulation, by mecha-
nism such as increased expression of transforming growth factor (TGF-�). In vitro, TGF-�
modulates ECM production in glomerular mesangial and epithelial cells that are observed
in persons with diabetic nephropathy (33,34).

Advanced Glycosylated End Products

Advanced glycosylated end products (AGEs) are formed from the nonenzymatic reaction
of a sugar-derived carbonyl group with a reactive amino group resulting in the formation of
an unstable Schiff base with subsequent Amadori rearrangement to form a more stable ke-
toamine. Over time, these intermediates undergo further modification to produce a range of
poorly characterized compound products, termed AGE. Several binding sites and receptors
for AGEs have been identified. Chronic hyperglycemia is responsible for the accumulation
of high level of AGEs in patients with diabetes. In cultured glomerular endothelial and
mesangial cells, in vitro, glycated albumin and AGE-rich proteins have been shown to
enhance the expression of type IV collagen and TGF-� and increased PKC activity, which
contribute to glomerular sclerosis and tubulointerstitial damage by means of an abnormal
ECM production (35). Several therapeutic strategies have been tried either to block AGEs
formation or to inhibit AGE action by inhibition of its interaction with its receptor. Forbes
et al. demonstrated that the administration of ALT711, an AGE cross-link breaker, in dia-
betic rats readily reduced the glomerulosclerosis, tubulointerstitial fibrosis, and proteinuria
(36).

Protein Kinase C

This is another pathway postulated to play a role in pathogenesis of diabetic nephropathy.
Protein kinase C is a family of serin-threonine kinases, consisting of at least 10 structurally
related isoforms that regulate a variety of cell functions including proliferation, gene ex-
pression, cell differentiation, cell migration, and apoptosis (37). Upregulation of PKC was
observed in kidneys of rats with diabetic nephropathy (38). Activated PKC increases pro-
duction of cytokines and extracellular matrix as well as vasoconstrictor endothelin-1 (39).
These changes contribute to basement membrane thickening, vascular occlusion, and in-
creased permeability. When experimental rodents were given a PKC inhibitor LY333531,
reduction in glomerular hyperfiltration, UAE, and glomerular TGF-beta 1 and ECM pro-
duction were noted, despite persistent hypertension and hyperglycemia (40).

Renin–Angiotensin System

Its role in the pathogenesis of diabetic nephropathy has been recognized for a while. This
is best shown by the unique protective effects seen by inhibitors of the renin–angiotensin
system (RAS) in diabetic renal disease (41). In experimental models, upregulation of the
RAS in the presence of diabetes is associated with accelerated nephropathy. In humans,
activity of the RAS can be modified by a number of genetic factors. For example, circulating
angiotensin-converting enzyme (ACE) activity is strongly associated with polymorphisms
in the ACE gene (42). The best characterized of these is the biallellic polymorphism defined
by the presence of an extra 287-base pair sequence in intron 16 of the ACE gene called
insertion or I, genotype or its absence so called deletion or D. Studies have shown that
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D allele was associated with an increased prevalence of nephropathy and premature death
in patients with both type 1 and type 2 diabetes (43,44). The GENEDIAB study of 449
patients with type 1 diabetes found that the D allele was associated with increased incidence
and severity of diabetic nephropathy (with odds ratio of 1.9) independent of hypertension
or glycemic control (43).

PATHOLOGY

Diabetic nephropathy causes unique changes in the kidney. It is characterized by increased
glomerular basement membrane width, diffuse mesangial expansion, hyalinosis, microa-
neurysm, and hyaline arteriosclerosis (45). Areas of extreme mesangial expansion called
Kimmelstiel–Wilson nodules or nodular mesangial expansion are observed in 40% to 50%
of patients developing proteinuria (46). Tubular and interstitial changes are also common
findings in diabetic nephropathy (47,48).

SCREENING AND DIAGNOSIS

Screening for diabetic nephropathy in patients with type 1 diabetes mellitus is recommended
at 5 years after diagnosis of diabetes (49), while for those with type 2 diabetes screening
should be started at the time of diagnosis, since at least 7% of newly diagnosed patients
have microalbuminuria (50). Even in type 1 diabetic patients with poor glycemic control,
high blood pressure, and poor lipid regulation, the prevalence of microalbuminuria before
5 years may be as high as 18% (51).

The first step in the screening and diagnosis of diabetic nephropathy is to measure
albumin in a spot urine sample, collected either as the first urine in the morning or random.
Results of albumin spot measurements may be expressed as a urinary albumin concentra-
tion (mg/L) or as a urinary albumin-to-creatinine ratio (mg/mmol) (52). The upper limit of
17 mg/L in a random urine specimen has a sensitivity of 100% and a specificity of 80% for
diagnosis of microalbuminuria using a 24-hour–timed urine collection as the reference stan-
dard (53). All positive tests should be confirmed in two out of three samples collected over
a 3- to 6-month period because of the known day-to-day variability in UAE. Furthermore,
screening should be avoided in the conditions that may temporarily induce albuminuria,
such as fever, urinary or systemic infection, marked hypertension, heart failure, pronounced
hyperglycemia, or vigorous exercise.

Although the measurement of UAE is the cornerstone for the diagnosis of diabetic
nephropathy, there are some patients with either type 1 or type 2 diabetes who have
decreased GFR in the presence of normal UAE (54,55). Therefore, UAE and GFR should
be estimated routinely for proper screening of diabetic nephropathy.

PREVENTION AND TREATMENT STRATEGIES

Significant progress has been made in recent years in understanding the pathophysiol-
ogy, prevention, and treatment of diabetic nephropathy. Median survival after the onset of
nephropathy has increased from 6 to 15 years (56). The basis for the prevention of dia-
betic nephropathy is the treatment of its known risk factors: hyperglycemia, hypertension,
smoking, high protein diet, and dyslipidemia (Table 1).
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Table 1 Measures Influencing
Progression of Diabetic Nephropathy

• Glycemic control
• Tight blood pressure control
• Low protein diet
• Lipid-lowering agent
• Cessation of cigarette smoking

Glycemic Control

Two major clinical trials, the diabetes control and complications trial (DCCT) (57), and the
United Kingdom prospective diabetes study (UKPDS) (58), convincingly demonstrated that
intensive glycemic control reduces the risk of developing microalbuminuria and nephropa-
thy. It was also noted that the patients randomized to strict glycemic control had a long-
lasting reduction of 40% in the risk for development of microalbuminuria and hypertension
7 to 8 years after the end of the DCCT (59).

Fioretto and her colleagues have shown regression of glomerular and tubular basement
membrane thickening and reduction of mesangial matrix 10 years after solitary pancreas
transplant in patients with type 1 diabetes and microalbuminuria (60). These changes were
associated with a reduction in the UAE from 103 mg/day at baseline to 30 mg/day after
5 years and 20 mg/day after 10 years. The above structural changes were not seen at
5 years.

The effect of a strict glycemic control on the progression from micro- to macroal-
buminuria and on the rate of renal function decline in macroalbuminuric patients is still
controversial. Both the DCCT study and the Microalbuminuria Collaborative Study Group
did not show reduction in the rate of progression to macroalbuminuria in patients with type
1 diabetes and microalbuminuria (57,61).

In general, the goal for glycemic control is to keep blood glucose level as close
to normal as possible without causing significant hypoglycemia. The American Diabetes
Association (ADA) recommended HbA1 c to be � 7% (62).

Intensive Blood Pressure Control

Multiple studies have shown the impact of good blood pressure control on prevention and
progression of diabetic nephropathy. About 40% of type 1 and 70% of type 2 diabetic
patients with normoalbuminuria have blood pressure level � 140/90 mm Hg (63). In the
UKPDS, a reduction from 154 to 144 mm Hg of systolic blood pressure reduced the risk
for the development of microalbuminuria by 29% (64).

As reviewed by Parving, in both type 1 and type 2 diabetic patients with overt diabetic
nephropathy, blood pressure reduction, whether with ACE inhibitors or other antihyper-
tensive medication, reduces albuminuria, delays progression of nephropathy, postpones
renal insufficiency, and improves survival (65). Although slowing of the progression of
renal function has been achieved by using other antihypertensive medications, the RAS has
become the target of the most effective strategy for both hypertension control and, indepen-
dently, for reduction of the pathophysiologic abnormalities that lead to renal protein leak
in diabetic nephropathy (66).

In the landmark captopril study of type 1 diabetics, the ACE inhibitor significantly
reduced the progression of diabetic nephropathy. Proteinuria decreased and the endpoints of
doubling of the serum creatinine, ESRD, or death were reduced by 50% (67). Later on, the
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EUCLID study, which was done in 18 European centers, randomized type 1 diabetic patients
with normo- or microalbuminuria to treatment with an ACE inhibitor (lisinopril) or placebo
(68). After 24 months, there was a significant difference favoring the lisinopril cohort both
in terms of mean UAE and in the ratio of transition from normo- to microalbuminuria.
Angiotensin receptor blockers (ARBs) were also effective in reducing the development of
macroalbuminuria in microalbuminuric type 2 diabetic patients. Irbesartan (300 mg/day)
reduced the risk of progression to overt diabetic nephropathy by 70% in a 2-year–follow-up
study of 590 hypertensive microalbuminuric type 2 diabetic patients (69). Additionally, a
38% reduction in UAE was observed, with 34% of patients reversing to normoalbuminuria.
Recent studies have indicated benefit from dual blockade of the RAS by ACE inhibitors plus
ARBs as noted by greater reduction in proteinuria and blood pressure in both type 1 and type
2 diabetic patients (70–72). The combination of spironolactone, an aldosterone antagonist,
with an ACE inhibitor was also more effective in reducing UAE and blood pressure in
micro- and macroalbuminuric type 2 diabetic patients than the ACE inhibitor alone (73).
Therefore, the use of either ACE inhibitors, ARBs, or combination of both is recommended
as a first-line therapy for type 1 and type 2 diabetic patients with microalbuminuria, even if
they are normotensive.

Current ADA recommendations are to lower blood pressure to 130/80 mm Hg in
normoalbuminuric and to 126/70 mm Hg for proteinuric diabetic patients (74).

Low Protein Diet

It has long been known that protein restriction is effective in alleviating the symptoms of
uremia and delaying the need for dialysis (75). Beyond symptomatic relief, a low protein
diet is advocated to slow the decline of renal function (76,77). The proposed mechanism for
slowing the progression of renal disease is reduction in hyperfilteration that occurs in the
remaining nephrons after renal injury. In 5 year prospective study of patients with type 1
diabetes, ESRD or death occurred in 27% of patients on the usual protein diet as compared
with 10% on a low protein diet (78) with a comparable glycemic and blood pressure control
in both groups.

Although a clear benefit of dietary protein restriction has not been established in
a large randomized prospective trial, current recommendation is dietary allowance of
0.8 g/kg/day of protein, accounting for 10% of total calories, with further restriction as
GFR falls.

Lipid-Lowering Agents

Hyperlipidemia is commonly seen in patients with both type 1 and type 2 diabetes mellitus.
A number of experimental studies have suggested a link between hyperlipidemia and the
development of glomerulsclerosis (79,80). In both type 1 and type 2 diabetes, only a few
prospective and controlled studies have shown a correlation between hyperlipidemia and
worsening of renal function.

Thomas et al. prospectively followed 152 patients with type 1 diabetes for 8 years
to examine the association of dyslipidemia to progression of nephropathy. In patients with
microalbuminuria, progression was independently associated with triglycerides content of
VLDL, and intermediate-density lipoprotein. In patients with macroalbuminuria, a sig-
nificant decline in the renal function was independently associated with poor glycemic
control, hypertension, and LDL size (81). Hadjadj et al. have also found similar findings
when they prospectively followed 297 patients with type 1 diabetes without ESRD for
7 years. High triglycerides levels were an independent predictive factor of both renal and
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retinal complications. After adjusting for systolic blood pressure, glycemic control, stages
of complications at baseline, and diabetes duration, the relative risk for progression was
2.01 (95%, CI: 1.07–3.77) for nephropathy and 2.3 (95%, CI: 1.03–5.12) for retinopathy
for patients having serum triglyceride in the highest tertile, compared to the others (82).

Although large prospective trials of the effect of treatment of dyslipidemia on pro-
gression of diabetic nephropathy are not yet reported, some evidence indicates that lipid
reduction by antilipidemic agents preserves GFR and decreases proteinuria in diabetic pa-
tients (83–84). A meta-analysis of lipid-lowering therapy on progression of renal disease
assessed 13 prospective controlled trials, 7 of which were exclusively in diabetic patients
(85). Lipid lowering was associated with a lower rate of decline in renal function compared
to controls (P = 0.008) inducing beneficial effects equivalent to ACE inhibition in preserva-
tion of renal function. As for other component of renoprotection, longitudinal prospective
trials are needed to validate the value of lipid-lowering agents. However, as cardiovascular
disease is the number one cause of death in diabetic patients with nephropathy, optimizing
lipid control is now a standard of care.

Cessation of Cigarette Smoking

Several studies have established the linkage between cigarette smoking and progression
of diabetic nephropathy (86–89). Chase et al. assessed the effect of cigarette smoking on
diabetic renal and retinal complication in 359 type 1 diabetic patients. The prevalence of
increased albumin excretion rate was 2.8 times higher in smokers than in those who do not
smoke. Even after correction for glycohemoglobin level and duration of diabetes, smoking
was an independent risk factor for development and progression of diabetic nephropathy
(86). Chuahirum et al. reported type 2 diabetic patients who smoked had a faster decline
of renal function than nonsmokers (88,89). As is true for pulmonary and cardiovascular
disease, quitting smoking should be the therapy of preventive measures for nephropathy in
diabetic patients.

MANAGEMENT OF ADVANCED RENAL FAILURE

Although normalizing blood pressure, optimizing glycemic control, and adhering to low
protein diet may slow the development and progression of diabetic nephropathy; many
patients still progress to ESRD. Patients with diabetic nephropathy and declining re-
nal function should be referred to nephrologists at an early stage and certainly by the
time serum creatinine levels have raised to 2–3 mg/dL. This helps to optimize treatment
and early consideration for renal replacement therapy. Reports from both Europe and the
United States showed that a high proportion of patients with diabetic nephropathy were
referred to nephrologists late in the course of their disease, and resulting in suboptimal
care (90,91).

As the renal disease progresses, taking care of diabetic patients becomes more com-
plicated and requires multidisciplinary medical team that consist of diabetologist, nephrol-
ogists, nutritionist, cardiologist, ophthalmologist, and podiatrist.

Pre-ESRD care (Table 2) of diabetic patients with advanced renal disease beyond
glycemic and blood pressure control includes maintaining of hemoglobin above 11 gm/dL,
by administering human recomobinant erythropoietin and supplemental iron, minimizing
metabolic bone disease due to secondary hyperparathyroidism by using phosphate binders
along with use of synthetic vitamin D and/or calcimimetics and maintaining of good
nutritional status.
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Table 2 Pre-ESRD Care for Diabetic Patients with
Advance Renal Disease

• Glycemic control
• Blood pressure control
• Maintenance of hemoglobin � 11 gm/dL
• Maintenance of calcium and phosphate balance
• Prevention of malnutrition
• Early preparation for renal replacement therapy

As renal function decreases, the doses of medications, especially those excreted
by the kidney, have to be adjusted in order to prevent high blood levels and drug–drug
interaction. Thus, diabetic patients with advanced renal disease should be closely followed
and be referred to the treatment team responsible for preparing them for renal replacement
therapy.

OPTIONS FOR RENAL REPLACEMENT THERAPY

Diabetic patients with ESRD have similar options for renal replacement therapy, as do
nondiabetic patients. Choices in renal replacement therapy available for diabetic ESRD
patients include hemodialysis, peritoneal dialysis, kidney transplantation, and a combined
pancreas and kidney transplant (Table 3).

Before a patient is assigned a specific modality of renal replacement therapy, it is
important that both patients and their families be properly informed about the advantages
and disadvantages of each treatment option. Selecting a treatment for a particular patient
is determined by considering the patient’s age, level of education, severity of comorbid
conditions, social and family support, and geographical location.

Regular scheduled meetings with both a nurse educator and nutritionist, coupled with
participation in patient support groups, can play a vital role in guiding ESRD patients to
make appropriate choices of treatment.

Once the decision for a preferred option is made, preparation for renal replacement
therapy should be started. For instance, for those electing hemodialysis, it is important
to establish vascular access in the nondominant arm when creatinine clearance is around
25 mL/min. For those who have live kidney donors, family members should be blood typed

Table 3 Options for Renal Replacement Therapy for
Diabetic Patients with ESRD

• Hemodialysis
In-center hemodialysis
Home hemodialysis
Daily (nocturnal) hemodialysis

• Peritoneal dialysis
CAPD
CCPD

• Organ transplantation
Kidney transplantation
Simultaneous pancreas and kidney transplantation
Pancreas after kidney transplantation
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and tissue matched early so that preemptive transplantation can be done before initiating
dialytic treatment. Long-term survival is greatly superior with a kidney transplant than in
any dialytic regimen.

Although evidence from prospective, controlled, clinical trials is lacking, there is
a widespread consensus among nephrologists that diabetic individuals develop uremic
symptoms at a higher level of residual renal function, and that dialysis should be initiated
earlier than in nondiabetics. As renal failure progresses, the diabetic kidney is progressively
less able to compensate for hypoalbuminemia by regulation of volume and sodium balance,
and as a result, hypertension and fluid overload may become refractory at a relatively
high GFR. Concomitant gastroparesis and nephritic syndrome may exacerbate protein–
calorie malnutrition. Many nephrologists believe that early initiation of dialysis protects
against malnutrition during the pre-ESRD period and might prevent the increased morbidity
and early mortality related to malnutrition among dialysis patients. The Canada-USA
(CANUSA) study of peritoneal dialysis showed that nutritional status at initiation of dialytic
therapy is correlated with residual renal function at its initiation (92). In general, it is
advisable to start dialytic therapy for diabetic patients when the creatinine clearance is
between 10 and 15 mL/min.

Maintenance Hemodialysis

As reported in the USRDS 2004 registry, 75% of all diabetic patients with ESRD are treated
with hemodialysis (center or home), 7.4% with peritoneal dialysis (CAPD or CCPD),
and 17.6% received kidney transplant (3). Hemodialysis treatment for diabetic patients is
similar to that in nondiabetic patients. An ideal hemodialysis regime consists of dialyses
thrice weekly, each lasting 3.5 to 4.5 hours, as determined by individual blood chemistry
and clinical response, during which extracorporeal blood flow is maintained at 300 to
400 mL/min.

Survival and rehabilitation of diabetic patients on hemodialysis is inferior to that
of nondiabetic patients, mainly because of preexisting severe vascular diseases. Although
the preferred vascular access is an arteriovenous fistula, preexisting vascular disease limits
its utility in diabetic patients, who have a primary fistula failure rate of 30% to 40%.
A less desirable, but necessary alternative vascular access can be constructed using a
polytetrafluoroethylene graft, which has a half-life of 1 to 2 years. Complication of vascular
access is the leading cause of hospitalization in diabetic patients with ESRD undergoing
hemodialysis treatment.

Glycemic control in diabetic patients on dialysis is difficult. Insulin dosage is more
complex because of reduced renal insulin catabolism that result in prolonged exogenous
insulin, as well as unrecognized gastroparesis that disconnects absorption of ingested food
from timed insulin administration. This combination causes erratic glucose regulation com-
plicated by frequent hypoglycemic episodes, potentially serious complications. Glycemic
control should remain a priority in the dialyzed diabetic patient as it may retard further
complications of microvascular disease. Survival during long-term management of ESRD
in diabetic patients has been linked to the quality of glycemic control achieved (93).

Peritoneal Dialysis

Peritoneal dialysis is a satisfactory alternative mode of dialytic therapy available for diabetic
ESRD patients. As is true for hemodialysis, preparation of the patient for continuous
ambulatory peritoneal dialysis (CAPD) necessitates education, repetitive explanation, and
facilitating surgery to insert an intraperitoneal permanent catheter. CAPD can be mastered
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as a home regimen in about 4 weeks. An alternative to manual cycling of dialysate is the use
of a mechanical cycling device in a regimen termed continuous cyclic peritoneal dialysis
(CCPD), which can be performed during sleep.

CAPD offers some advantages over hemodialysis such as freedom from machine,
reduced cardiovascular stress, better preservation of renal function, avoidance of heparin,
and less dietary restriction. On the other hand disadvantages of peritoneal dialysis in-
clude the risk of peritonitis, high rate of technical failure, and less adequate dialysis when
residual renal function gets very low. Some nephrologists view peritoneal dialysis as the
preferred choice of treatment for diabetic ESRD patients. Indeed, peritoneal dialysis may
be life sustaining when vascular access sites for hemodialysis have been exhausted, or in
those with sever congestive heart failure or angina. Peritoneal dialysis offers less vascu-
lar stress because of its relatively slow ultrafiltration rate coupled with less rapid solute
removal.

During the course of both CAPD and CCPD, there is a constant risk of peritonitis
as well as a gradual decrease in peritoneal surface area which may ultimately drove to be
insufficient for adequate dialysis. Diabetic patients on CAPD experience twice as many
hospitalization days as nondiabetic patients: peritonitis accounts for 30% to 50% of these
hospital days (94). Of the two major options in dialytic therapy for diabetic patients, the
USRDS consistently reports superior survival in those treated by hemodialysis, except in
those younger than 45 years compared with peritoneal dialysis. However, there are few
studies reporting equivalent patients survival between peritoneal dialysis and hemodialysis
in the first 2 years of treatment (95,96).

Kidney Transplantation

In the 1970s and early 1980s many transplant programs excluded diabetic ESRD patients
from consideration for renal transplantation. However, in centers that perform transplants in
diabetic patients during this period, survival exceeded that of diabetic patients remaining on
dialysis. Today, improved management of diabetic and uremic complications, established
kidney transplantation is the preferred option of treatment for diabetic ESRD patients.
Diabetic patients with ESRD should be referred to a transplant center to assess their can-
didacy. Absolute contraindications to transplantation include severe uncorrectable cardiac
or pulmonary disease, unresolved chronic infections, metastatic/ untreatable cancer, and
significant psychiatric disease (97). In many transplant centers there is no absolute age
ceiling in considering someone for transplantation.

Type 1 diabetic patients with ESRD have several options for transplantation: they
may be a candidate for kidney transplantation alone, simultaneous pancreas and kidney
transplantation (SPK), or pancreas after kidney transplantation (usually a living donor
kidney transplantation).

Although survival of diabetic ESRD patients after renal transplantation is continu-
ously improving, it is 10% to 20% less over 5 years than of patients with other causes of
renal disease. A further fall-off in survival of diabetic renal transplant recipients after 5
or more years is the consequence of advanced macrovascular disease. Annual death rate
of transplant recipients is approximately one-third that of diabetic patients remaining on
dialysis—a finding, which may reflect the selection of healthier patients for transplanta-
tion. But when diabetic patients who had been transplanted were compared with patients
remaining on the transplant list, presumably with similar comorbidities, patient survival
was significantly better in transplant recipients (98,99).

Over the past decade, highly successful results have been reported in type 1 diabetic
patients for pancreatic transplants inserted concurrently with a renal allograft. Although
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combined pancreas and kidney transplant does not raise immediate perioperative mortality,
perioperative morbidity is markedly increased over that of a kidney transplant alone.

Diabetic renal transplant recipients have been shown to have three times the risk
of events related to ischemic heart disease than the general population (100). In addi-
tion to the traditional risk factors (hypertension, hyperlipidemia, cigarette smoking, etc.),
factors associated with ESRD and dialytic therapy present before transplantation, such
as left-ventricular hypertrophy due to chronic volume overload, oxidative stress, vascular
calcification secondary to abnormality in calcium and phosphate metabolism, and hyper-
homocysteinemia, can contribute to an increased cardiovascular risk.

Given the impact of cardiovascular disease in diabetics with kidney transplant, mod-
ifications of risk factors in order to decrease risk of progression and development of
cardiovascular disease is important. In addition to the assessing the extent of cardiovascu-
lar disease present prior to transplantation, at least annual reassessment with noninvasive
studies in asymptomatic high-risk patients should be performed.
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INTRODUCTION

Diabetic neuropathy (DN) is both a prevalent and a debilitating complication that exacts a
profound physical, psychological, and financial toll on the type 1 diabetes mellitus (T1DM)
patient. DN is widespread; it afflicts � 50% of the patients, 25 years after diagnosis with
diabetes (1). DN is a causal factor in the development of foot ulcers, a frequent antecedent
to nontraumatic limb amputations (2). DN is not limited to the peripheral nervous system;
it also affects the autonomic nervous system, with a frequent loss of normal function in the
urogenital, digestive, and cardiac systems (3). The estimated annual U.S. cost arising from
diabetes is $132 billion and DN accounts for ∼ $11 billion (www.diabetes.org) (4). This
chapter will focus on the two most common forms of DN: diabetic polyneuropathy (DPN)
and diabetic autonomic neuropathy (DAN). Classification, pathogenesis, epidemiology,
clinical presentation, and treatment will be addressed particularly as it relates to T1DM.

CLASSIFICATIONS

DN is a collection of syndromes capable of affecting both the peripheral and the autonomic
nervous systems. Figure 1 illustrates the general categories of DN. Each syndrome has a
unique clinical manifestation, anatomical location, and prognosis.

DN is divided into two major categories: focal neuropathy and diffuse neuropathy.
Focal neuropathy, the less prevalent form, is generally acute and self-limiting. Its onset is
localized to single or multiple peripheral nerves, cranial nerves, brachial or lumbar plexuses,
or nerve roots. Diffuse neuropathy, the more prevalent form, is further split into the more
easily recognized DPN and the more indolent, yet serious, DAN.

DPN is a predominantly sensory neuropathy, with motor nerve fibers being affected
only later in the course of the illness. Damage to the diabetic nerve is shown to be fiber-
length dependent with DPN generally originating in the toes and moving upward until
it reaches the calf. Upon reaching the calf, neuropathy is then detected in the fingers and
progresses up both sets of limbs. This progression is commonly called the “stocking-glove”
configuration. DAN is less understood despite its high degree of morbidity and mortality (5).
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Figure 1 Hierarchy of diabetic neuropathy forms.

The high degree of innervation by the autonomic nervous system makes all organs suscep-
tible to damage from DAN. The most prevalent forms of DAN are found as gastrointestinal
or urinary (parasympathetic nervous system) and cardiovascular (sympathetic nervous sys-
tem) insult. DAN is more difficult to recognize than DPN, though often there is a high
degree of comorbidity between the two disorders.

PATHOGENESIS

Over the past decade, significant progress has been made in uncovering a unifying mech-
anism underlying the development of both DPN and DAN. Formation of reactive oxygen
species (ROS) as a consequence of continued hyperglycemia is a primary instigator in
complication-prone tissue damage (6). Complication-prone tissues with increased levels
of ROS are in a state now commonly referred to as “oxidative stress.” Hyperglycemic ox-
idative stress originates in the energy-producing organelles, mitochondria (Mt), rendering
them especially prone to damage (7–10). Longer axons rich in Mt are among the first to be
damaged in DPN as is indicated by the nerve-length dependent stocking-glove pathology.

Oxidative stress either disrupts or activates several pathways important in glucose
handling, including the (i) polyol, (ii) hexosamine, (iii) protein kinase C (PKC), and (iv)
advanced glycation end product (AGE) pathways. Figure 2 illustrates the proposed inter-
connection of these pathways (6). In the polyol pathway, conversion of glucose to sorbitol
induces osmotic stress. To bring osmotic equilibrium to the cell, other osmolytes, partic-
ularly myo-inositol and taurine, are effluxed from the cell. Taurine and myo-inositol have
antioxidant and signal-transduction activity, respectively (11–13). These deficiencies have
been implicated in Na+/K+ ATPase defects (14). The hexosamine pathway is accelerated
from increased conversion of glucose to fructose-6-phosphate and subsequently to UDP-
N-acetylglucosamine. UDP-N-acetylglucosamine modifies transcription factors causing an
increase in PAI-1 and TGF-� (15). Increased expression of these proteins is associated with
an aberrant circulation which is inherently tied to DN. PKC pathways are activated by hy-
perglycemia through diacylglycerol (16,17). Hyperactivity of PKC results in an increased
expression of vascular endothelial growth factor (VEGF), TGF-�, and NF-�B. Excess of
these proteins disturbs the neurovascular relationship such that inhibition of PKC partially
restores nerve conduction velocity (NCV) in rodents with DPN. The final pathway, the AGE
pathway, as the name suggests, is formed when glucose metabolites bond with proteins.
AGEs activate the AGE receptor and cause alterations of the extracellular matrix and induce
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Figure 2 Biochemical pathogenesis of neuronal damage from hyperglycemia. Source: Adapted
with permission from Ref. 6.

ischemia (18). All four pathways are induced through ROS formation and also produce
ROS damage, thus deepening a deleterious cycle of aberrant cellular function.

Oxidative stress also disrupts lipid profiles by inducing lipid peroxidation. Oxidized
lipids are known to cause ischemia and therefore reduce the delivery of proper nutrients to
neurons. The combination of oxidative stress and ischemia are co-contributors to neuronal
damage.

Although the culmination of hyperglycemia-induced oxidative stress and dyslipi-
demia are likely the major initiators in DPN and DAN, the manner in which neurons
are damaged is still being investigated. Damage from oxidative stress is shown, in some
cases, to initiate apoptosis or programmed cell death especially given that Mt are not only
predisposed to oxidative damage but are also key components in the apoptosis signaling
cascade (19). In certain diabetic models, apoptosis is not seen in the neuronal body, but
rather neuroaxonal dystrophy is present. This discrepancy is most likely due to either
an incomplete form of apoptosis or apoptosis localized to cell bodies of selected axons
(20–22). Many investigators, including us, contend that the apoptotic process is incomplete
but reoccurs over time with poor glucose control, resulting in cumulative injury to the cell
body over time. This recurring cycle of injury results in impaired axonal transport, disrupted
Mt distribution in the axon, and a subsequent dying back of axons toward the cell body
yielding the stocking-glove presentation of signs and symptoms in DPN (9,23).

EPIDEMIOLOGY

Diffuse neuropathy is the most prevalent form found in diabetics. Prevalence and incidence
is (i) higher in patients with diabetes than in the general public, (ii) dependent on the
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Table 1 Reported Prevalence of Diabetic Peripheral Neuropathy

Study name Diagnostic criteria
Initial

prevalence (%)
Later

assessment (%) Reference

Rochester Two or more abnormalities
(symptoms, nerve
conduction, QST, AFT)

54 (24)

DCCT Confirmed clinical neuropathy 2.1 9.6 (25,26)
Abnormal nerve conduction 21.8 40.2

Pittsburgh 2 of 3 criteria:
symptoms, abnormal
sensory signs, tendon reflex

58 (for age
� 30 yr)

(25,26)

18 (18–29 yr)
EURODIAB ≥ 2 criteria 23.5 (27)
Danish Loss of vibratory sensation 62 (28)

Abbreviations: QST, quantitative sensory testing; AFT, autonomic functional tests.

duration of diabetes, and (iii) generally correlated to glycemic control. Although studies
vary on precise statistics due to mainly differing inclusion criteria regarding what does or
does not constitute DN, all are consistent with these three points as major indicators of DN
in T1DM.

Investigations into neuropathy confirm higher prevalence, though of varying mag-
nitude in patients with T1DM than in the general population. Studies using multiple and
various criteria for diagnosis indicate a range of DN in T1DM between 18% and 62%
(Table 1). Onset of DN coordinates with patient age as the Pittsburgh Epidemiology of
Diabetic Complications Study showed DPN in 18% of T1DM between 18 years to 29
years (25). The incidence rate rose to 58% for patients older than 30 years. Glycemic
control and dyslipidemia are both linked to the onset and progression of DPN in adults
(1). The Diabetes Control and Complications Trial (DCCT) demonstrated that patients in
intensive therapy (HbA1C = 7) reduced their incidence of abnormal NCV by 44% over
5 years versus conventional treatment (HBA1C = 9). Moreover, intense glycemic control
kept NCVs stable, whereas conventional treatment resulted in a significant decline over
5 years. For DPN, a 1% drop in HbA1C levels translates to a 27% reduction in DPN as
determined by clinical examination (29). EURODIAB, a parallel study in T1DM, stands in
good agreement with the DCCT. Variables such as duration of diabetes, age, HbA1C, etc.,
were analyzed for effect on the development of neuropathy. The highest correlation with
neuropathy was found to be in metabolic control, duration of diabetes, and lipid profile
(HDL and fasting triglyceride) (30–32).

To further explore the long-term effects of glycemic control, patients of both conven-
tional and intense therapy were followed up 8 years after the DCCT in the Epidemiology of
Diabetes Interventions and Complications (EDIC) study. After 8 years, the intense therapy
group showed an increase in HbA1C that was equivalent to the conventional therapy group.
EDIC indicates that even after glycemic control converges between conventional therapy
and intensive therapy, frequency of DPN rose for both groups but still remains significantly
lower in the intensive group than the conventional therapy (Fig. 3) (29). These long-term
glycemic control studies clearly demonstrate the ability of intense therapy to prevent the
onset and neutralize the progression of DPN, though restoration of nerve function remains
rare.

Closely related to the pathophysiology of DPN is the occurrence of foot ulcers, which
often leads to lower leg amputation. Although data are not available specific to T1DM, on
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Figure 3 Frequency of neuropathy-positive MNSI questionnaires across 8 years of the EDIC study
among former DCCT conventional therapy (�) and intensive therapy (�) subjects without confirmed
clinical neuropathy at the end of the DCCT. P � 0.0001 on average for all EDIC years combined
(29). Source: Adapted with permission from Ref. 29.

an average, all diabetic patients have a one in seven chance of developing a foot ulcer.
Of these foot ulcers, 60% to 70% are attributable to DPN. The diabetic foot is closely
related to comorbidity and mortality for the diabetic patient. In fact, the presence of a foot
ulcer correlates to a 17% decrease in 3-year survival study after correcting for age and
sex (33). Loss of vibration perception in the toe is the strongest corollary to increased
mortality—trumping sex, race, BMI, duration of diabetes, and HbA1C (34).

The epidemiology of DAN shows the same general trends as DPN. However, because
the condition is often more insidious, it could be that DAN is under-recognized by both
patients and health-care providers. Most studies of DAN focus on cardiac autonomic
neuropathy (CAN) due to a more defined clinical diagnosis than other types of DAN, such
as those affecting the gastrointestinal and genitourinary tracts. Positive scores from six
autonomic functional tests (AFT) described below are generally used to diagnose DAN.
When heart rate variability is the sole criteria for DAN, occurrence in T1DM is generally
high or overestimated (25.3%) (35). Use of three of the six criteria yielded DAN diagnosis
of 16.8%.

Interestingly, data suggest that DPN is less prevalent in T1DM compared to T2DM
(27% vs. 32%) (36), whereas symptomatic DAN is more prevalent in T1DM (11% for
T1DM vs. 0.5% for T2DM). Denervation of the left ventricle of the heart, as determined by
PET, is present in 40% of the patients with T1DM without other CAN symptoms (37,38).
These data suggest that early autonomic dysfunction may contribute to silent myocardial
ischemia. CAN accounts for an increased morbidity with a risk factor of myocardial
ischemia ranging from 2 to � 4 in both T1DM and T2DM. In accordance with this,
positive diagnosis of CAN increases the mortality risk ratio to between 2.1 and 9.2, with
statistical significance in 12 of 14 studies (39). Increased risk factors for DAN include
female gender, LDL/HDL, hypertension, and HbA1C. As mortality rates associated with
DAN are staggeringly high for the T1DM patient, clinical screening using two or more
indicators for the often nonsymptomatic CAN is advised.
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CLINICAL PRESENTATION AND DIAGNOSIS

DPN is a collection of syndromes further categorized as either subclinical (class I) or
clinical (class II). Subclinical DPN patients are asymptomatic but have slower NCVs and
modest changes on quantitative sensory testing (QST). Patients with clinical DPN express
symptoms and have abnormalities of either NCV or QST or most frequently both entities.
Early diagnosis is imperative as glycemic control is the only proven way to prevent disease
progression and the subsequent morbidity of DPN, including ulcer and amputation.

DPN symptoms manifest in two general forms commonly denoted as “positive”
and “negative” symptoms. Positive symptoms include perceptions of prickling, pain, or
numbness and are bothersome to the patient. Negative symptoms are frequently not noticed
by the patient, who does not realize that he has a loss of sensory function with a decrease
in thermal, tactile, or pain perception in response to the appropriate stimuli. Although
normally progressing in the “stocking-glove” fashion described above, the form of clinical
DPN is dependent on the type of fiber damaged. Large diameter–myelinated nerve fiber
dysfunction results in decreased proprioception and vibratory sensation in the toes with
reduced or absent Achilles reflexes. These patients experience “negative symptoms” and
frequently their sensory loss is only discovered through clinical examination by a health
professional. Aberrant small nerve fiber function response results in an impaired pain
and thermal sensation. Patients with small fiber loss experience positive symptoms and
on examination have a decreased perception of painful stimuli, such as pinprick, thermal
sensation, and light touch.

Over time, patients with progressive DPN develop a condition frequently called the
“diabetic foot.” Loss of large and small myelinated fiber function leave the foot insensate.
Loss of autonomic function results in anhydrosis and a dry, shiny skin. Arthropathy is
common; poor ankle joint dorsiflexion or an equinus deformity leads to midfoot collapse.
The progressive tightening of the Achilles tendon ultimately increases the load to the
forefoot. The tarsometatarsal joint, the main junction between the forefoot and the hindfoot,
will frequently collapse due to the extra load. The ensuing deformity is known as a rocker-
bottom type deformity. These bone and joint changes comprise Charcot arthropathy, a
frequent component of the diabetic foot. Loss of sensation with callus formation coupled
with misplaced weight bearing secondary to arthropathy leads to ulcer formation (33).
Charcot foot is generally underreported despite presentation in 15% of DPN patients (40).
The diabetic foot is more susceptible to external trauma such as caused by tight shoes; a
paradox is that patients with the diabetic foot are more apt to purchase ill-fitting shoes due to
their lack of ability to feel shoeware, thereby inadvertently exacerbating their own condition.
Foot ulcers are the leading cause of hospitalization in diabetic patients and generally the
initiating event in the chain leading to lower limb amputation. Given the delayed healing of
diabetic patients particularly in poor glycemic control, ulcers can turn gangrenous and lead
to lower limb amputation. In fact, 80% of the lower extremity amputations are preceded by
foot ulceration (41).

Focal neuropathy is common in patients with diabetes. This can take various forms
but mononeuropathy is the most prevalent at either the wrist (median mononeuropathy—
also known as carpal tunnel syndrome) or at the elbow (ulnar mononeuropathy) (42).
These focal neuropathies are indistinguishable between patients with or without diabetes,
suggesting that the diabetic state creates an environment more susceptible to compression
injury rather than acting as a direct causal agent. Carpal tunnel syndrome is clinically present
in nearly a quarter of patients with diabetes. When present as a cranial mononeuropathy,
the third nerve is most often affected, resulting in pupillary-sparing diplopia, ptosis, and
headaches.



OTE/SPH OTE/SPH

DK6222_c10 IHUS006-Jabour October 10, 2007 9:21 Char Count=

Neuropathy 179

Diagnosis of Diabetic Polyneuropathy

Diagnosis of DPN is based on history, examination, and, when possible, electrodiagnos-
tic testing. The San Antonio Consensus Criteria remain the gold standard for diagnosis,
although their use is limited to clinical trials and epidemiological studies (43); the crite-
ria are too exhaustive for routine use in a clinical practitioner’s office. The San Antonio
Consensus Criteria are based on measurements in each of the following five categories:
clinical symptoms, clinical examination, electrodiagnostic studies (EDX), QST, and AFT.
EDX, also referred to as nerve conduction studies, are a quantitative and objective measure
of peripheral nerve function. A major benefit of EDX is the ability to distinguish whether
the origin of neuropathy is axonal or demyelinating. EDX most frequently show a mixed
picture in DPN with primarily axonal damage and a low degree of dysmyelination (44).
The most common criticism of EDX—that its restriction to large nerve fibers with small
fibers is not questioned—is in most cases not valid.

QST assesses the loss of sensory functions which often go unnoticed by both patient
and physician. The essence of the QST is the use of quantitative instruments to measure
abnormal function with regards to sensing vibration and thermal changes. The simplest
QST device is the quantitative 64 Hz tuning fork which measures the intensity of residual
vibration on an eight-point scale rather than approximating dysfunction based on time
elapsed from tuning fork strike (45). Most clinical trials and epidemiological studies employ
the CASE IV system (WR Medical Electronics Co.). The CASE IV system measures both
vibration detection threshold (great toe) and cool thermal detection threshold (dorsal foot)
using a stepping algorithm; differences are expressed as just noticeable difference units that
vary from 1 to 25. A discussion of AFT occurs later in this chapter.

Using the San Antonio Consensus Criteria, a patient has probable neuropathy if he
has signs or symptoms and an abnormality of either EDX, QST, or AFT; he has definite
neuropathy if he has signs or symptoms and two abnormalities among EDX, QST, or
AFT. Because of the quantitative nature of the three groups of tests, patients can be
followed longitudinally for a response to a therapeutic intervention or as part of a detailed
epidemiological study of DN.

While the San Antonio Consensus Criteria are essential for clinical trials, in routine
practice, a careful clinical examination of the feet with assessment of large fiber (vibration
perception and proprioception) and small fiber (light touch, pain, and thermal perception)
modalities and ankle reflexes is sufficient to make the diagnosis of DPN. Table 2 lists other
possible etiologies underlying a distal symmetric polyneuropathy; depending on the patient
presentation and history, the practitioner should consider other diagnostic possibilities. As
DPN has no unique features from alternate forms of neuropathy, the most frequent unrelated
forms of neuropathy that may be mistaken for DPN are B12 deficiency, uremia, hyperthy-
roidism, and alcoholic neuropathy. The three clinical pearls of DPN are (i) symmetry,
(ii) slow progression, and (iii) sensory deficits more prominent than motor weakness. De-
viations from these well-established attributes should be referred to the neurologist as the
condition is less likely to be DPN.

In our own outpatient practice, we use the definition of DPN put forth by the Ameri-
can Diabetes Association i.e., “the presence of symptoms and/or signs of peripheral nerve
dysfunction in people with diabetes after the exclusion of other causes” (1). To assess DPN
we employ a simple standardized tool, the Michigan Neuropathy Screening Instrument
(MNSI), with a questionnaire and clinical examination, allowing us to compare scores over
time in the same patient. The MNSI has been independently tested and validated as a diag-
nostic tool (46,47) and is currently an important component of the DCCT/Epidemiology of
Diabetes Interventions and Complications (DCCT/EDIC) Trial(29,48). The MNSI consists
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Table 2 Differential Diagnosis of Diabetic Neuropathy

I. Distal symmetric polyneuropathy
a. Metabolic

i. Diabetes mellitus
ii. Uremia
iii. Folic acid/cyanocobalamin deficiency
iv. Hypothyroidism
v. Acute intermittent porphyria

b. Toxic
i. Alcohol

ii. Heavy metal (Hg, Pb, etc.)
iii. Industrial hydrocarbons
iv. Various drugs

c. Infectious or inflammatory
i. Sarcoidosis

ii. Leprosy
iii. Periarteritis nodosa
iv. Others: Systemic lupus erythematosus

d. Others
i. Dysproteinemias & paraproteinemias

ii. Paraneoplastic syndrome
iii. Leukemias and lymphomas
iv. Amyloidosis
v. Hereditary neuropathies

II. Pains and paresthesias without neurological deficit
a. Early small fiber sensory neuropathy
b. Psychophysiological disorder (depression, hysteria, etc.)

III. Autonomic neuropathy without somatic component
a. Shy-Drager syndrome
b. Diabetic neuropathy with mild somatic involvement
c. Riley-Day Syndrome
d. Idiopathic orthostatic hypotension

IV. Diffuse motor neuropathy without sensory deficit
a. Guillain-Barre syndrome
b. Primary myopathies
c. Myasthenia gravis
d. Heavy metal toxicity

V. Femoral neuropathy
a. Degenerative spinal-disk disease (Paget’s disease of the spine)
b. Intrinsic spinal cord mass lesion
c. Equina cauda lesions
d. Coagulopathies

VI. Cranial neuropathy
a. Carotid aneurysm
b. Intracranial mass
c. Elevated intracranial pressure

VII. Mononeuropathy multiplex
a. Vasculidites
b. Amyloidosis
c. Hypothyroidism
d. Acromegaly
e. Coagulopathies

Source: Adapted with permission from Ref. 91.
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Figure 4 MNSI patient questionnaire. Source: Adapted with permission from Ref. 47.

of a 15-point patient questionnaire about sensation and peripheral vascular disease (Fig. 4).
Scoring more than seven is the threshold to predict or diagnose DPN. Positive assessment
on the MNSI should be followed by an eight-point MNSI clinical examination of the foot
including foot inspection and vibration sensation (Fig. 5). Scoring more than two on the
clinical examination properly diagnoses DPN with 95% confidence.

Many other tests besides the MNSI are available to diagnose and assess DPN. One
frequently used tool developed by Peter Dyck and colleagues in the Rochester Diabetic
Neuropathy Study is commonly referred to as the Neuropathy Impairment Score (NIS) plus
7. The simplest component of this scheme is the NIS of the lower limbs; this is an easily
applied clinical exam evaluating both sensation and strength in the lower limbs. This can
be added to seven quantitative tests to evaluate DPN severity (24), which include EDX and
QST. The higher the number of abnormalities among the seven tests, the higher the severity
of neuropathy. While the NIS plus 7 tests increase diagnostic accuracy, we prefer the MNSI
because of its simplicity and availability to all practitioners.

Diagnosis of DAN

DAN is similar to DPN in that it can be divided into clinical and subclinical presentations.
It can affect any organ receiving autonomic innervation. Common manifestations of DAN
include: constipation, diarrhea, dysphagia, decreased urinary flow, and cardiac syndromes.
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Appearance of feet

Ankle reflexes

Vibration perception 
at great toe

Figure 5 MNSI clinical examination. Source: Adapted with permission from Ref. 47.

Diagnosis is a manner of excluding other possible causes such as infection, inflammation,
prostatic obstruction, or atherosclerotic disease.

The most frequently diagnosed syndrome among DAN is CAN. CAN is diagnosed
through using a series of simple cardiovascular examinations or AFTs. The most popular
include: the Valsalva maneuver, heart rate response to deep breathing, heart rate response
to standing up, blood pressure response to standing up, and blood pressure response to
sustained handgrip. Table 3 shows CAN diagnostic tests; the presence of CAN is fre-
quently accompanied by other forms of DAN, particularly abnormal gastrointestinal and
pupillomotor function. A more detailed discussion of CAN is presented at the end of this
section.

Gastrointestinal autonomic neuropathy and genitourinary autonomic neuropathy are
both parasympathetic forms of DAN whose injuries range from mild to, in rare cases,
severe. Constipation is the most prevalent gastrointestinal presentation followed by diabetic
diarrhea, heartburn, and dysphagia.

Diabetic diarrhea, while seemingly self-explanatory, may progress into more serious
forms if left unaddressed. Severe symptoms include more than 20 bowel movements per
day and stool volumes over 300 g per day. Such fluid losses result in dehydration if left
untreated and can influence blood glucose control.

Gastroparesis or delayed gastric emptying is likely in T1DM patients, especially
when unstable 2-hour postprandial blood glucose levels are present. After excluding dietary
causes and implementing intense insulin therapy, the persistence of variable blood glucose
may be attributed to aberrant gastric emptying. Diagnosis is generally not trivial, employing
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Table 3 Diagnostic Tests for Cardiovascular Autonomic Neuropathy

Test Diagnostic value

Resting heart rate � 100 bpm
Beat-to-beat HR variation (HRV)

Abstain from coffee overnight
Do not test after hypoglycemic episode
Supine position, 6 breaths per minute Difference � 10 bpm or expiration:

inspiration R-R ratio � 1.17
Heart rate response to standing

R-R interval measured at 15 beats and 30 beats
after standing (normally tachycardia is followed
by reflex bradycardia)

30:15 ratio � 1.03

Heart rate response to Valsalva maneuver
Patient forcibly exhales into manometer
mouthpiece, exerting 40 mm Hg pressure for
15 seconds

Ratio of longest to shortest R-R interval � 1.2

Systolic BP response to standing
Measure in supine position and 2 minutes after
standing

Decrease � 30 mm Hg (10 to 29 is
borderline)

Diastolic BP response to isometric exercise
Establish patient’s maximum handgrip pressure
Exert 30% maximum for 5 minutes Increase � 16 mm Hg in contralateral arm

Electrocardiography QTc � 440 ms

Source: Adapted with permission from Ref. 5.

MRI scans or isotope labeling; the detection of [13C]octanoic acid in breath analysis has
proven to be an accurate indicator of gastric atony (49).

Genitourinary autonomic neuropathy encompasses such dysfunctions as retrograde
ejaculation, erectile impotence, vaginal atrophy, dyspareunia, and cystopathy. Sexual dys-
function, affecting 50% of male diabetic patients and 30% of female diabetic patients is
often an early sign of DAN (50,51). Sexual afflictions are common and have a high degree
of comorbidity with other manifestations of diabetic complications. Retrograde ejaculation,
the partial misdirection of sperm into the urinary tract, may be reported as cloudy urine,
postcoitally. Diagnosis is made from low sperm count in ejaculate in conjunction with
indications of sperm in urine. Erectile dysfunction is not uncommon in DAN patients but
due diligence should be taken to exclude other causalities. Decreased vaginal lubrication
and clitoral blood flow is the most common dysfunction for T1DM women (52). This may
result in vaginal wall atrophy and dyspareunia.

Cystopathy is the term used to describe a collection of voiding problems whose
progression is often symptomatic and presents as impaired bladder sensation, diminished
urine flow, and increased postvoid residual volume (53). This incomplete emptying or
infrequent urination typically results in dribbling, poor urinary stream, and frequent urinary
infections. Bladder infections in men and postvoid residuals in both men and women with
T1DM are strong indications of diabetic cystopathy (54).

CAN is an extremely insidious form of neuropathy due to the combination of its
asymptomatic nature and high contribution to mortality (55). CAN can take a variety of
forms with various degrees of morbidity and mortality rates (56). Blood pressure and heart
rate variations are the most prominent defects resulting from CAN (57,58). Orthostatic
hypotension, defined as a drop of 20 mm Hg 3 minutes after standing, is not common (3%)
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and is generally present in elderly diabetic patients with preexisting CAN (59). Anemia, a
result of erythropoietin deficiency from T1DM patients with renal denervation, is known
to augment orthostatic hypotension. Frequently, the common symptoms of hypotension
including dizziness and weakness are often difficult to distinguish from hypoglycemia; if
blood glucose levels are not low, symptoms of dizziness should alert the clinician to the
possibility of CAN.

Abnormal heart rate can appear in advanced CAN as abnormal cardiovascular exercise
performance and/or what has been termed cardiac denervation syndrome (CDS). Failure
to increase heart rate in response to exercise may be assessed by assessing heart rate
variability or by a multigated angiopathy thallium scan. CDS is a combination of defects
to the sympathetic and parasympathetic systems which is displayed as an elevated stable
heart rate regardless of exercise, stress, or sleep (60). CDS first appears as an increase in
resting heart rate (∼ 110 bpm) from parasympathetic defect. This slowly progresses into a
decrease in heart rate (90 bpm) due to sympathetic regression. CDS patients are more likely
to encounter cardiac arrhythmias, myocardial ischemia, and sudden death. The increased
risk of mortality found in T1DM patients is considered to be closely tied to syndromes
such as CAN (61,62). Interestingly, the incidence of myocardial infarction for T1DM
patients is higher in the evening than the morning. This suggests a decrease in morning
sympathetic activity and an impaired evening parasympathetic activity (27,63). The ADA
suggests testing for CAN 5-years postdiagnosis and every year thereafter for patients with
T1DM.

TREATMENT

Treatment for reversing all types of DN is, at present time, generally limited, though
avenues to significantly slow and even stop its progression are available to the patient.
For those patients already displaying signs and symptoms of one or more syndromes
of DN, treatments are available, in most cases, to mitigate the symptoms if not the
root cause of the neuropathy. Prospective therapies currently being investigated will be
mentioned.

Glycemic Control

As discussed above, the DCCT study has proven that intensive therapy (≥ 3 insulin injec-
tions/day or insulin pump) decreases the incidence of DPN by 60% over a 10-year period
when compared to conventional therapy (≤ 2 insulin injections/day) (64–66). Besides re-
ducing the onset of DPN, glycemic control was shown to maintain stable NCVs whereas
NCVs for the conventional group declined over time. After completion of the DCCT, long-
term observational follow-up of 1375 of the 1425 DCCT patients occurred in the EDIC
study (67). DPN was followed in EDIC annually using the MNSI (47,68). While glycemic
control merged in EDIC with an average HbA1 C of eight percent for both the intensive and
conventional treatment arms, the beneficial effects of prior intensive treatment persisted for
8 years. Patients in the initial DCCT-intensive cohort have a 50% risk reduction for devel-
oping DPN when compared to patients in the initial DCCT-conventional cohort (29). This
phenomenon is termed metabolic memory, and implies that the salutary effects of early
glycemic control persist over many years. There are also selected reports of regression
in mild forms of CAN in very small patient studies through tight glycemic control over a
3-year period, though this was not achieved in those patients with severe disease (56,69). The
EDIC cohort is currently undergoing complete autonomic function testing, thus enabling
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the T1DM community to know in the future whether the phenomenon of metabolic memory
also applies to the autonomic nervous system.

Pancreas and islet transplantation, while available to only a small set of T1DM
patients, generally also receiving a kidney transplant, has given a unique insight into the
role of reestablishing normalized metabolism after prolonged exposure to hyperglycemia as
it relates to both DPN and CAN. T1DM patients who received a successful transplant and
maintained insulin independence were compared to those patients who underwent kidney
transplant only or an unsuccessful pancreas transplant (70). Normalization of metabolic
function over a 10-year period maintained scores on the neurological examination and
cardiorespiratory index and increased scores in sensory and motor nerve indices (71).
Patients in the control group for this study demonstrated a decline in all four tests over
time. These results further confirm the beneficial effects of euglycemia in the prevention of
nerve function loss and raise the interesting possibility that return of function is possible
over time.

Symptomatic Treatment of Peripheral Neuropathy

Pharmacologic Approaches: Symptomatic Treatment of Pain Associated with DPN

Pain is a common and potentially disabling symptom of DPN. In our practice, we use a
stepwise treatment paradigm, titrating a drug to either efficacy within the recommended
dose or to the onset of side effects. Table 4 lists the common therapies employed in our
clinical practice; all have been tested in double-blind placebo-controlled trials [reviewed in
(1,72,73)]. The two therapies in bold are now approved by the Food and Drug Administration
(FDA) for the treatment of painful DPN.

Two new compounds are now FDA-approved and can be considered for initial treat-
ment of painful DPN. There has not yet been a direct comparison of these two compounds
with each other, or with other known therapies; because study designs vary prominently
among the different trials (i.e., patient selection and the choice of primary end points), a
direct comparison can not be made based on the published literature.

The two recently approved FDA drugs are duloxetine, a dual uptake inhibitor (sero-
tonin and norepinephrine) (74), and pregabalin, an antiepileptic drug with a putative mode
of action of decreasing glutamate levels in the spinal cord (75). While different scales were

Table 4 Treatment Options for Painful Neuropathy

Antidepressants
• Duloxetine 60 mg, qid
• Amitriptyline: 50–150 mg at night
• Nortriptyline: 50–150 mg at night
• Imipramine: 100 mg, qid
• Desipramine: 100 mg, qid

Antiepileptic drugs
• Pregabalin 150 mg, bid
• Gabapentin: 600–1200 mg, tid
• Topiramate: 200 mg, bid

Others
• Mexiletine: 150–450 mg, qid
• Tramadol, 50–100 mg, bid
• Transcutaneous electrical nerve stimulation
• Acupuncture
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used in the individual phase III double-blind placebo-controlled trials for each therapy, the
published data suggest the two medications are equally efficacious (74,75). Duloxetine is
begun at a daily dose of 30 mg with a meal and slowly titrated to 60 mg a day. The major
side effect, nausea, can be limiting; if this occurs, patients can begin on 20 mg a day, with
a slow titration. This approach is sometimes better tolerated. Like all similar compounds,
sedation and sleepiness are common side effects; duloxetine should not be taken with other
serotonin or norepinephrine uptake inhibitors (74).

Pregabalin is a Schedule 5 drug and is begun at 50 to 100 mg per day. It can be
increased to 150 mg two times per day after 1 week. Like its predecessor, gabapentin,
effects include sedation, dizziness, and in some patients, lower extremity edema. Unlike
gabapentin, however, pregabalin could be habit forming, and it is recommended that the
drug be discontinued slowly (75).

Several other classes of drugs are commonly used in the symptomatic treatment
of painful DPN (1,73). Only those drugs that have undergone a double-blind placebo-
controlled trial will be briefly discussed. Of the commonly used classes of drugs, the
tricyclic antidepressants (TCAs) are inexpensive and in Europe remain the first line in
pharmacotherapy. In a meta-analysis of 21 clinical trials, the TCAs were most effective in
relieving pain in patients with DPN (76). Amitriptyline, nortriptyline, and imipramine all
possess more anticholinergic activity than desipramine. A TCA can be begun as first line
therapy and titrated to either efficacy (within FDA-recommended dosing) or side effects,
which include sedation, dry mouth, and nausea (76). The usual dosage schedule for TCAs
is 10 to 25 mg at bedtime initially, slowly increasing the dose to a single bedtime dose of
100 or 150 mg. The TCAs should not be used in patients with known cardiac arrhythmias,
congestive heart failure, orthostatic hypotension, or angle-closure glaucoma. Of note, the
TCAs cannot be used in conjunction with monoamine oxidase inhibitors.

Anticonvulsants are useful in the treatment of painful DPN. Gabapentin, the prede-
cessor of pregabalin, is begun at a dose of 300 mg tid and can be slowly titrated to a dose of
up to 1200 mg tid. Many patients experience relief at doses ranging between 600 and 900
mg tid (77). For patients who prefer qid dosing, 600 to 900 mg may be effective. Dizziness,
somnolence, headache, diarrhea, nausea, and confusion along with lower extremity edema
are known side effects. Like gabapentin, the anticonvulsant topiramate is also effective in
controlling painful DPN (78). Begun at 25 to 50 mg once a day, the dose can be very slowly
titrated up to 200 mg bid. Patients experience the same side effects as with gabapentin, with
the additional sensation of “fullness” to the extent that this drug is considered by some to
be effective in weight loss.

If a patient continues to experience pain while taking therapeutic doses of two or three
medications, use of the antiarrhythmic drug mexiletine can be considered (79). Mexiletine
can be used only after stopping all anticonvulsants and under the consultation of a cardiol-
ogist. An initial dose of 150 mg daily can be slowly titrated to a final dose of 600 to 800
mg in three or four divided doses. This drug must be used with caution and in conjunction
with careful cardiac monitoring. Another alternative therapy is tramadol, a drug with very
low binding to �-opioid receptors. It is most frequently used for breakthrough pain by
patients at doses of 50 to 100 mg every 4 to 6 hours, up to 400 mg per day (80). Patients are
routinely on other therapy for painful DPN and find that the intermittent use of tramadol
adds symptomatic relief. The side effects of confusion, extreme fatigue, and/or somnolence
can limit the use of this therapy.

There is a clear noticeable absence of high quality controlled clinical trials for the
nondrug treatments, such as transcutaneous electrical nerve stimulation and acupuncture
(81). However, these treatments are available, particularly in pain clinics, and have been
reported to be effective in selected patients with DPN (73,81).
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Foot Care

All patients with diabetes should receive at least an annual foot examination and patients
with known DPN should undergo a careful foot examination at every office visit. Patient
education on shoeware, daily foot inspection, and referral to a podiatrist for nail trimming are
all essential components of a comprehensive prevention program. Patients with significant
sensory loss should be encouraged to check their feet frequently during the day, at least
three times, and ensure that there are no objects present in their shoes. Immediate attention
is required at the first signs of local foot infection.

Symptomatic Treatment of Autonomic Neuropathy

As the pathology of DAN can present itself in virtually any organ, the treatment will
vary according to the affected organ system and symptoms. While a majority of these
symptoms may be addressed with one or more medications, many can be rectified using
over-the-counter remedies or lifestyle changes.

Gastrointestinal disturbances in T1DM should be approached in a multifaceted ap-
proach consisting of glycemic control for prevention or progression of all symptoms,
lifestyle changes to minimize occurrences, and, when necessary, medication. In gastro-
paresis, blood glucose levels play an additional role besides hindering further progression.
In fact, euglycemia advances gastric motor function, further easing postprandial stability
(82). Consumption of multiple smaller meals rather than a few large portion meals is rec-
ommended. As fat slows digestion or metabolism, low fat small meals are ideal for the
T1DM patient. Administration of rapid-acting insulin to a T1DM patient with gastroparesis
may induce hypoglycemic episodes. While pramlintide has proven effective in controlling
postprandial blood glucose levels in T1DM patients, it should be avoided in gastroparetic
patients as its mode of action is to delay gastric emptying, the delay of which may further
exacerbate the patient’s symptoms. Other drugs with possible utility are listed in Table
5. Diabetic diarrhea is also a common manifestation of DAN (83). Exclusion of alternate
causes should be examined before attributing this to DAN. Table 5 describes other under-
lying causes as well as drugs suitable for use for diabetic diarrhea. Administration of these
various drugs depends on symptomatic origin.

Genitourinary problems derived from DAN are also quite common. Loss of afferent
innervation of the bladder leads to decreased voiding frequency. To account for this, the
patient may use timed voiding in conjunction with the Crede maneuver to initiate voiding.
As appearance of urinary tract infections is a possible pathology, self-catheterization is a
possible remedy. Two drugs, bethanechol (10-mg qid) and doxazosin (1–2 mg, bid/tid) may
be useful in alleviating symptoms.

Although T1DM has a high incidence rate of erectile dysfunction, it should not be
taken as the causative factor without the exclusion of other possible agents. In this way, a
therapy may be specifically targeted to the particular cause. The common alternative origin
to erectile dysfunction is psychosomatic for which the patient should be directed to proper
counseling (84). Low testosterone levels may also contribute to erectile dysfunction in
which case testosterone supplementation is advised. Arteriosclerosis resulting in low genital
blood flow should be directed to a vascular surgeon. The presentation of erectile dysfunc-
tion has comorbidity with other nonsymptomatic forms of DAN and atherosclerosis (85).
Therefore, a thorough cardiac screening should be performed on all T1DM patients with
erectile dysfunction.

To treat erectile dysfunction, glycemic control should be instituted along with
cessation of alcohol or tobacco. Prescription drugs which are known to cause erectile
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Table 5 Treatments of Gastroparesis and Diabetic Diarrhea

Treatment Dose regimen Possible side effects

Gastroparesis
Behavioral advice

Improve glycemic control
Eat frequent small meals
Reduce dietary fat (� 40 g/day)
Reduce dietary fiber

Metoclopramide 10 mg, 30–60 min ac Galactorrhea, extrapyramidal
symptoms

Erythromycin 250 mg, 30 min ac Abdominal cramps, nausea,
diarrhea, rash

Jejunostomy and liquid diet
Diabetic Diarrhea
Exclude other underlying causes:

Bacterial overgrowth
Drug-related (acarbose, metformin,

lactose intolerance)
Osmotic (resolves with fasting)
Secretory (consider neuroendocrine

tumors)

Metronodiazole 250 mg, tid, ≥ 3 wk Fungal overgrowth
Clonidine 0.1 mg, bid or tid Orthostatic hypotension
Loperamide 2 mg, qid Toxic megacolon
Cholestyramine 4 g, 1–6 times daily
Octreotide 50 �g, tid Aggravated nutrient

malabsorption

dysfunction, particularly antidepressant agents, should, when possible, be reduced or re-
placed with drugs having less propensity toward sexual dysfunction. There are currently
multiple medications available for the treatment of erectile dysfunction. Pharmaceutical
agents such as sildenafil and tadalafil are effective in 50% to 60% of the patients (86,87).
These must not be given with organic nitrates as hypotension and fatal cardiac events may
occur. Other options include prostacyclin injections, yohimbine, suction devices, and pros-
thetic devices. Retrograde ejaculation has been successfully treated with antihistamines.
Female sexual dysfunction, commonly decreased lubrication of the vaginal walls, is treated
with vaginal lubricants and estrogen creams.

Treatment of CAN is difficult due to its often hidden symptoms. Besides the ubiqui-
tous recommendation of glycemic control, treatment is generally specific to the presentation
of symptoms. Use of glycemic control, aspirin and angiotensin converting enzyme inhibitors
for patients with microalbuminuria was shown to dramatically reduce CAN by a risk fac-
tor of 0.32 (88). Although this intervention was specific to T2DM, it may be applicable
to T1DM. Other experimental techniques for broad reduction of CAN include the use of
antioxidants (�-lipoic acid) or aldose reductase inhibitors. While many aldose reductase
inhibitor trials have been withdrawn due to adverse or only marginal effects, the clinical
trial of epalrestat showed optimistic results. In this study, epalrestat was well-tolerated,
delayed onset of CAN, and ameliorated some symptoms (89).

Orthostatic hypotension can be treated with environmental changes though success
is limited. Elevating the head by 30◦ at night, standing in stages, and the use of waist-high
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body stockings are all possible therapies. High sodium diet or fluorohydrocortisone as
a plasma volume enhancer and the discontinuation or switching of long-term hypoten-
sive agents to more short-term agents (e.g., captopril) have been used. Volume enhance-
ment does not offer relief until the onset of edema, which itself has an increased risk of
heart failure. Erythropoietin has been shown to alleviate symptoms especially with anemic
T1DM (90).

SUMMARY

At the current time, a patient with T1DM has a � 50% probability of developing DN,
capable of affecting sensory input (DPN), heart function (CAN), and genitourinary and
gastric function (DAN). Diagnosis for DPN can be accomplished by a simple patient
questionnaire and focused clinical examination. Diagnosis of DAN can also be begun at
the bedside, but more formal testing is usually mandated, as the presence of DAN portends
a high comorbidity with cardiac ischemia and arrhythmias. The high rate of DN causes an
extreme financial burden to the U.S. economy, driving the search for more palpable options
to reverse DN.

The only known course proven to prevent the progression of DN is intense glycemic
control. Present treatments are limited to alleviating symptoms rather than eliminating
initiating causes. Clinical trials are currently underway for drug therapies that would dampen
the influence of the deleterious biochemical pathways linked to hyperglycemia.
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Hypoglycemia in Type 1 Diabetes

V. J. Briscoe and S. N. Davis
Vanderbilt School of Medicine, Division of Diabetes, Endocrinology and Metabolism,
Vanderbilt University, Nashville, Tennessee, U.S.A.

INTRODUCTION

Hypoglycemia occurs when blood glucose levels are lower than the lowest limit of normal
physiologic fluctuations. This level is approximately 70 mg/dL and is rarely encountered
in healthy individuals. Iatrogenic hypoglycemia, however, is a common problem in the
management of diabetes. It is also of special concern for adults with type 1 diabetes
mellitus (T1DM) because complications associated with recurring hypoglycemia such as
impaired physiologic defenses against hypoglycemia and an inability to recognize low-
glucose levels [hypoglycemia unawareness (HU)] commonly occur. Hypoglycemia is one
of the most feared complications of diabetes treatment and is often the cause for emergency
care visits.

Plasma glucose concentration is normally rigidly regulated between 70 and
150 mg/dL, despite wide variations in glucose flux (e.g., fasting, postprandial, and exercis-
ing). Conversely, once plasma glucose concentrations fall below the euglycemic threshold,
physiologic adaptive reactions to hypoglycemia elicit an array of neuroendocrine, auto-
nomic nervous system (ANS), and metabolic responses to raise blood glucose levels back
to normal.

Glucose (a major metabolic fuel) enters the brain from the circulation where it is
metabolized for energy and stored (in negligible amounts) as glycogen. Hypoglycemic
symptoms occur because of the brain’s dependency on an adequate supply of glucose
for normal function. The Whipple’s triad has historically been used as a guide to define
acute hypoglycemia. The triad consists of (i) symptoms attributable to a low plasma glucose
concentration, (ii) a measurably low plasma glucose concentration (less than 70 mg/dL), and
(iii) the rapid resolution of the symptoms after correction of the biochemical abnormality
(1–5).

The landmark Diabetes Control and Complications Trial (DCCT) demonstrated that
intensive glucose control in T1DM could reduce complications associated with diabetes
(i.e., microvascular and subsequently macrovascular complications) (4). Unfortunately,
intensive glycemic control was also associated with a threefold increased risk of severe
hypoglycemia (6). Intensively treated individuals can experience up to 10 episodes of
symptomatic hypoglycemia per week and severe temporarily disabling hypoglycemia at
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least once a year (6–9). An estimated 2% to 4% of deaths of people with T1DM have been
attributed to hypoglycemia (8). The increased frequency of iatrogenic hypoglycemia is a
limiting factor in the implementation of intensive glycemic control.

Hypoglycemia is a common problem in clinical practice, affecting 90% of all patients
who receive insulin (3). Understanding the physiologic counterregulatory responses induced
by hypoglycemia coupled with frequent monitoring of blood glucose and physiologic
insulin replacement therapy can help reduce the prevalence of iatrogenic hypoglycemia in
T1DM (3–11). Also key to reducing hypoglycemia will be patient education regarding all
aspects of diabetes self-care.

MAINTENANCE OF BLOOD GLUCOSE

Effective blood glucose regulation is fundamentally important for the maintenance of life.
The ANS and neuroendocrine systems preserve this homeostasis through the interplay of
glucose absorption from the intestine, glucose production by the liver, and glucose uptake
in tissues (i.e., muscle, liver, and brain) (1–3).

After a carbohydrate load, blood glucose is increased as it is absorbed by the intestines.
Insulin is released in response to this acute glucose elevation and stimulates skeletal muscle,
hepatic, and adipose tissue glucose uptake from the circulation. Insulin lowers plasma
glucose by (i) suppressing endogenous glucose production (EGP), both by direct action on
the liver and indirect actions, to reduce substrate flux such as lactate, pyruvate, glycerol,
and free fatty acids to the liver and (ii) increasing glucose uptake into peripheral tissues,
predominantly into muscles (1–3).

In the postprandial state, the liver releases glucose into the circulation via glycogenol-
ysis. However, after an overnight fast, gluconeogenesis becomes the primary source of EGP
(1–3). About one-third of glucose uptake in the fasting state is by the central nervous sys-
tem with the brain being the chief consumer, since glucose is the brain’s primary fuel. The
brain has limited glucose stores and thus, is dependent on endogenous (primarily hepatic)
glucose output for its glucose supply. The transport of glucose into the tissues is facilitated
by a specific family of proteins called glucose transporters.

PHYSIOLOGICAL RESPONSE TO HYPOGLYCEMIA

The physiologic counterregulatory response to hypoglycemia involves neuroendocrine,
ANS, and metabolic processes. This includes the suppression of insulin release as well
as secretion of glucagon and pancreatic polypeptide from the pancreas, epinephrine from
the adrenal medullae, norepinephrine from sympathetic postganglionic nerve terminals and
adrenal medulla, cortisol from the adrenal cortex, and growth hormone from the anterior
pituitary gland (11–13). In humans, inhibition of insulin secretion is the initial defense
against a falling glucose and occurs at a plasma glucose concentration of about 80 mg/dL.
The brain is one of the first organs affected and is most vulnerable to any glucose deprivation.

In adults with T1DM, insulin levels do not decrease as glucose levels fall, because of
persistent absorption of exogenous insulin. The lack of decline in plasma insulin concentra-
tions as glucose levels fall constitutes the first deficit in the defense against hypoglycemia
in T1DM.

Next to respond in the acute defense against hypoglycemia are glucagon and
epinephrine. These hormones begin to rise at glucose levels just below 70 mg/dL. Glucagon
(secreted from pancreatic alpha cells) is a rapid-acting stimulus that facilitates hepatic
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glucose production. Glucagon acts directly on the liver to (i) convert glycogen to glucose
(increasing hepatic glycogenolysis) and (ii) by promoting gluconeogenesis, (providing
available 3-carbon glucose substrates such as lactate, pyruvate, alanine, and glycerol). This
glucagon-stimulated increase in glucose production and thus the increased plasma glucose
concentration lasts only for 2 to 3 hours (14).

The glucagon secretory response to hypoglycemia is irreversibly lost in patients with
T1DM greater than 5-years duration (3–9). Hence, epinephrine (not glucagon) constitutes
the main defense against hypoglycemia in these patients (3–9). As long as this mechanism
is intact, epinephrine can adequately compensate for the glucagon deficiency.

Epinephrine sharply increases EGP during hypoglycemia. Secreted by the adrenal
medullae, epinephrine binds to multiple receptors and causes an array of hemodynamic
and metabolic effects. Through its actions (direct and indirect) on diverse target tissues,
the hormone stimulates both glucose production and the limitation of glucose utilization
by mainly beta adrenergic receptors in humans (1–3,7–9).

Epinephrine increases hepatic glucose production by direct stimulation of hepatic
glycogenolysis. It also increases plasma glucose via hepatic gluconeogenesis; this process
occurs mostly through an indirect mechanism, which consists of mobilization of lactate,
alanine, glycerol (as gluconeogenic substrates), and nonesterified fatty acids (which provide
energy for the process) (15–18). Another important physiologic function of epinephrine
is its ability to limit glucose utilization in insulin-sensitive tissues (i.e., skeletal muscle).
The epinephrine-stimulated increase in glucose production and glycogenolysis is relatively
transient. However, because epinephrine also reduces glucose clearance, the hyperglycemic
effect of the hormone is more persistent (8).

During hypoglycemia, norepinephrine is released from the adrenal medullae and
through spillover from the sympathetic nervous system. Norepinephrine results in net
vasoconstriction with increases in diastolic as well as systolic blood pressure. This effect
differs from epinephrine, where there is net vasodilatation with increases in systolic blood
pressure but decreases in diastolic blood pressure. Otherwise, norepinephrine, produces
metabolic hyperglycemic effects through mechanisms analogous to those of epinephrine
(3,7–9), as discussed above.

The increased sympathetic nervous system response is primarily responsible for the
activation of lipolyis that results in release of free fatty acids (FFA) and glycerol. The
elevated FFA levels result in significant glucose sparing as tissues can oxidize FFA instead
of glucose. The inverse relationship that exists between fatty acid oxidation and glucose
oxidation in insulin-sensitive tissues (including muscle) occurs by the inhibition of pyruvate
dehydrogenase activity. Glycerol also becomes an important substrate for gluconeogenesis
during prolonged hypoglycemia. Thus, it has been estimated that the increased lipolysis
contributes up to 25% of the total defense against hypoglycemia (3,7–9).

Cortisol and growth hormone increase glucose production and restrain glucose dis-
posal during hypoglycemia. However, these hormones have little or no role in the defense
against acute hypoglycemia but become more important during prolonged hypoglycemia
(9). Their effects do not become evident until 3 to 4 hours of prolonged hypoglycemia.
The metabolic counterregulatory actions of cortisol and growth hormone are similar and
include stimulation of gluconeogenesis and inhibition of glucose uptake. However, their
effects are limited, having only approximately 20% compared to that of epinephrine (9).

Cortisol limits glucose utilization in muscle and other tissues through both direct
and indirect actions. The latter occurs as a result of cortisol-stimulated lipolysis. Cortisol
inhibits protein synthesis and promotes protein breakdown with increases of gluconeogenic
precursors including lactate, alanine, and other amino acids from muscle and glycerol from
fat. In addition to stimulating hepatic gluconeogenesis, cortisol also promotes glycogen
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  Initial Defense 

↓  Insulin ↑ Glucagon ↑ Epinephrine 

Intermediate Defense

↑ Norepinephrine  ↑ Free Fatty Acids
(FFA) 
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  Late Defense

↑ Cortisol 
   Growth Hormone (GH) 

Figure 1 Diagrammatic outline of normal counterregulatory responses to hypoglycemia.

synthesis and exerts permissive effects on the gluconeogenic and glycogenolytic actions of
glucagon and epinephrine. The net result is that cortisol produces an acute insulin-resistant
state that serves to raise plasma glucose concentrations (Fig. 1) (1–3).

Growth hormone, after its initial insulin-like action, reduces glycemic sensitivity
to insulin through mechanisms that are not well-understood but may include the effect
of the hormone on stimulating lipolysis. The hormone’s counterregulatory effects involve
antagonizing insulin’s actions to (i) effect to increase glucose utilization and (ii) reduce
glucose production.

SYMPTOMS OF HYPOGLYCEMIA

For most adults with T1DM, hypoglycemia is an unfortunate fact of life (1–6). Those
attempting to achieve better glycemic control suffer many episodes of mild-to-moderate
hypoglycemia. Early detection and recognition of hypoglycemic symptoms is critical for
the individual to self-treat the hypoglycemic episode before becoming disabled.

The two categories of hypoglycemic symptoms are neurogenic and neuroglycopenic.
The neurogenic symptoms are activated by the ANS (usually occur at ∼ 60 mg/dL in
nondiabetic individuals) and are mediated in part by sympathoadrenal release of cate-
cholamines (norepinephrine and epinephrine) from the adrenal medullae and acetylcholine
from postsynaptic sympathetic nerve endings (7–9). These symptoms are triggered by a
falling glucose. This defense is critical for the recognition of symptoms that will alert
the individual to treat the hypoglycemic episode. Neurogenic signs and symptoms include
shakiness, anxiety, nervousness, palpitations, sweating, dry mouth and pallor, and pupil di-
lation (7,10,20). Cholinergic-medicated neurogenic symptoms include diaphoresis, hunger,
and paresthesias (Table 1) (3,7,20). Recent work by Aftab-Guy et al. (12) has demonstrated
that simulating epinephrine levels found during moderate hypoglycemia on a background
of hyperinsulinemic euglycemia only produces about 20% of the neurogenic symptom
scores usually observed during moderate hypoglycemia. This indicates that the genesis
of hypoglycemic symptoms is multifocal and probably arises mainly from CNS efferent
pathways (12).

The second category of hypoglycemic symptoms includes neuroglycopenic symp-
toms, which usually occur at approximately 50 mg/dL in nondiabetic individuals. These
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Table 1 Neurogenic Symptoms
of Hypoglycemia

Sweating
Shakiness
Tremulousness
Paresthesias
Anxiety
Nervousness
Palpitations
Hunger

are generated as a result of brain neuronal glucose deprivation (3–7,10–12). The brain
is vulnerable to any glucose deprivation and neuroglycopenia causes a rapid impairment
of cerebral function. These symptoms include abnormal mentation, irritability, confusion,
difficulty speaking, ataxia, paresthesias, headaches, stupor, and eventually (if untreated)
seizures, coma, and even death (3,7–10,20–23). Neuroglycopenic symptoms can also in-
clude a wide array of transient and at times idiosyncratic focal neurological deficits (e.g.,
diplopia, hemiparesis) (3,7,20) (Table 2).

HYPOGLYCEMIA AND GLYCEMIC THRESHOLDS

The glycemic thresholds responsible for the activation of the physiologic defenses against
hypoglycemia are dynamic (9). Patients with a higher HbA1c may perceive symptoms of
hypoglycemia at a higher plasma glucose level than those with more intensive control (23).
Some of these patients (with the higher HbA1c) may even generate hypoglycemic symptoms
when their plasma glucose is above the normal range. This phenomenon is called “relative
hypoglycemia” and is associated with release of counterregulatory hormones. It commonly
occurs when patients are attempting to intensify their metabolic control to achieve near
normoglycemia. “Relative hypoglycemia” is self-limiting and usually takes 2 to 4 weeks
for the brain to readjust to the improved but relatively reduced circulating glucose levels
(9,11,23,24). The opposite situation holds true in intensively controlled individuals with
diabetes. These individuals may not recognize hypoglycemia until their plasma glucose is
considerably lower to the normal physiologic glycemic thresholds (7,11). These changes

Table 2 Neuroglycopenic Symptoms
of Hypoglycemia

Irritability
Confusion
Dizziness
Weakness
Difficulty thinking
Slurred speech
Headaches
Sleepiness
Seizures
Coma
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in glycemic thresholds can be caused acutely by antecedent hypoglycemia or chronically
by persistent hyperglycemia (1–7).

HYPOGLYCEMIA UNAWARENESS

HU is a major limiting factor in the management of adults with T1DM. Recommendation of
strict glycemic goals may not be appropriate for patients experiencing HU because it may
contribute to an increased prevalence of severe hypoglycemia. HU is characterized by the
loss of autonomic warning symptoms that defend against the development of neuroglycope-
nia. This failure to perceive autonomic warning signals like sweating, anxiety, or tremor,
has been proposed to contribute to the increased frequency and severity of hypoglycemia
in patients with T1DM. Duration of diabetes, antecedent hypoglycemia, and tight glycemic
control are known risk factors for HU. The mechanism responsible for HU remains contro-
versial. Work from Boyle et al. (21) has demonstrated that somewhat paradoxically, brain
glucose uptake during hypoglycemia is increased in intensively treated patients with T1DM
as compared with patients with poor metabolic control or healthy subjects. The explanation
for this finding is that in T1DM patients with good glycemic control, there is acceleration
of cerebral glucose transport during hypoglycemia. This perfusion of glucose preserves
cerebral function, making available an adequate glucose supply to the brain. Hence, it (the
brain) does not signal for a counterregulatory response and the patient is asymptomatic
thereby creating HU (21). Segel et al. (22), using a different experimental methodology
(PET as opposed to Kety Schmidt technique), however, reported no difference in net brain
glucose uptake with hypoglycemia in patients with T1DM. Thus, it may be that regional
differences in brain glucose uptake rather than global changes in brain glucose uptake are
responsible for causing HU (9).

MECHANISMS OF COUNTERREGULATORY RESPONSES TO
HYPOGLYCEMIA IN T1DM

Glucose counterregulation is fundamentally altered in T1DM as individuals become abso-
lutely insulin deficient and insulin levels no longer fall as glucose levels decrease (Fig. 2).

-- Continued absorption of insulin  
-- Absent glucagon secretion 

Initial Defense  

Epinephrine (↓ or Blunted) 

Intermediate Defense  

Norepinephrine (↓ or Blunted)
Free Fatty Acids (FFA) (↓ or Blunted) 
Glycerol (↓ or Blunted) 

Late Defense  

Cortisol (↓ or Blunted) 
Growth Hormone (GH) (↓ or Blunted) 

Figure 2 Diagrammatic outline of defective counterregulatory responses to hypoglycemia in
T1DM.
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Hence, the first defense against hypoglycemia is lost. Within a similar time frame (about
5 years), the glucagon response to falling glucose levels is also lost. Thus, an important
second defense against hypoglycemia also fails. It should be noted that pancreatic alpha
cells are present in equal numbers and size as compared to age and weight matched non-
diabetic individuals. Glucagon responses to other physiologic stress such as exercise and
amino acid infusion are preserved in T1DM. The mechanism of this selective and therefore
functional (rather than anatomic) defect in glucagon secretion is controversial. Hypotheses,
with supporting data, have included autonomic neuropathy and a failure of insulin “shut
off” as the mechanism responsible for the lack of glucoagon release during hypoglycemia
in T1DM (3,7–11,20).

Epinephrine (not glucagon), therefore, constitutes the main defense against hy-
poglycemia in patients with T1DM for greater than 5-years duration. Unfortunately,
epinephrine responses to hypoglycemia also become impaired in T1DM patients undergoing
intensive insulin treatment. This places intensively treated T1DM patients at a significant
risk for recurrent hypoglycemia (16,17). These frequent bouts of hypoglycemia further
reduces the counterregulatory responses to subsequent hypoglycemia by ≥ 50%. Thus, a
vicious cycle is created whereby hypoglycemia induces further hypoglycemia (3,7,16,20).
Reductions in ANS counterregulatory responses have significant clinical consequences.
T1DM patients with deficient glucagon and epinephrine response to hypoglycemia have a
25-fold or greater risk of severe hypoglycemia (i.e., an individual is incapacitated and needs
external assistance to raise their plasma glucose levels) during intensive insulin therapy (4).

ANTECEDENT HYPOGLYCEMIA AND HYPOGLYCEMIA-ASSOCIATED
AUTONOMIC FAILURE

Cryer earlier coined the term “hypoglycemia-associated autonomic failure (HAAF)” to
describe the syndrome of acquired counterregulatory deficits associated with prior hypo-
glycemia. This syndrome is experienced by individuals with T1DM and involves blunted
neuroendocrine counterregulatory responses to hypoglycemia, lowered glycemic thresh-
olds for activation of counterregulatory defenses, and HU. To test the hypothesis that hypo-
glycemia itself causes reduced neuroendocrine and symptomatic responses to subsequent
hypoglycemia, Heller and Cryer measured counterregulatory responses during repeated
hypoglycemic clamp studies (13). These experiments determined that two episodes of an-
tecedent moderate hypoglycemia (50 mg/dL) resulted in significant reductions of plasma
epinephrine, glucagon, pancreatic polypeptide, and cortisol responses to next day hypo-
glycemia. Neurogenic and neuroglycopenic symptom responses were also reduced after
antecedent hypoglycemia (13). Importantly, Dagogo-Jack et al. also demonstrated that
antecedent hypoglycemia can reduce ANS, neuroendocrine, and symptomatic counterreg-
ulatory responses to subsequent hypoglycemia in T1DM (25). These seminal observations
have been conceptually supported by numerous subsequent studies from many different
laboratories (10–16).

Davis et al. (17) demonstrated that the magnitude of antecedent hypoglycemia pro-
duced proportional blunting of counterregulatory responses to subsequent hypoglycemia;
hence, the greater the depth of antecedent hypoglycemia, the greater the magnitude of
subsequent counterregulatory failure. The ANS is extremely sensitive to the effects of an-
tecedent hypoglycemia as minimal episodes of hypoglycemia of only 70 mg/dL can blunt
subsequent counterregulatory response by 30% in men. Likewise, two episodes of short
duration (20 minutes) of antecedent hypoglycemia of approximately 50 mg/dL can also
produce significant blunting of subsequent ANS, neuroendocrine, and metabolic but not
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Figure 3 Effects of peripherally infused insulin (1.5 mU/kg/min) on arterialized plasma
epinephrine, norepinephrine, and glucagon levels in overnight-fasted man following previous day
antecedent euglycemia (ant eugly) or antecedent hypoglycemia (ant hypo). Plasma epinephrine was
significantly increased (P � 0.01) following ant eugly. Plasma norepinephrine was significantly in-
creased (P � 0.05) following ant eugly. Plasma glucagon significantly increased (P � 0.05) following
ant eugly.

symptomatic counterregulatory responses (17). Thus, there appears to be a hierarchical
effect of duration of antecedent hypoglycemia on blunting counterregulatory responses to
subsequent hypoglycemia (18) (Fig. 3). ANS and neuroendocrine responses are more sus-
ceptible to the blunting effects of prior short-term hypoglycemia, whereas, more prolonged
antecedent hypoglycemia is needed to blunt subsequent symptom responses. The resulting
clinical consequence of the diminished ANS responses to hypoglycemia for T1DM pa-
tients (with already deficient glucagon response to hypoglycemia) is greater risk of severe
hypoglycemia.

The timing and number of prior hypoglycemic episodes required to cause a blunt-
ing effect has also been investigated. Davis and Tate (19) studied whether one episode
of hypoglycemia could modify counterregulatory responses to hypoglycemia induced that
same day. Subjects were randomized to identical morning and afternoon hyperinsulinemic
hypoglycemia separated by 2 hours or, morning and afternoon hyperinsulinemic eug-
lycemia, or morning hyperinsulinemic euglycemia and afternoon hyperinsulinemic hypo-
glycemia. Morning hypoglycemia significantly reduced ANS and neuroendocrine responses
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(epinephrine, norepinephrine, glucagon, GH, cortisol, and pancreatic polypeptide) during
afternoon hypoglycemia. Neuroglycopenic symptoms were also significantly reduced dur-
ing afternoon hypoglycemia. Hence, one episode of prolonged, moderate, morning hypo-
glycemia produced substantial blunting of neuroendocrine and symptomatic responses to
subsequent same day hypoglycemia (19).

The syndrome of HAAF is traditionally associated with reduced neuroendocrine
counterregulatory responses. Recently, work has been focused on whether the actions as
well as the levels of the key counterregulatory hormone, epinephrine, are also reduced.
Korytkowski et al. (26) demonstrated that T1DM subjects with blunted counterregulatory
responses to hypoglycemia had reduced �-adrenergic sensitivity compared to patients with
normal counterregulatory responses. Also, Aftab-Guy et al. (12,27) have demonstrated that
epinephrine has reduced effects in T1DM patients as compared to nondiabetic controls in
stimulating glucagon release, activating lipolysis, increasing glucose production, reducing
glucose uptake, and elevating blood pressure. Thus, it appears that T1DM patients have
a widespread, pleotropic down regulation of epinephrine’s key counterregulatory effects.
In a subsequent study, Aftab-Guy et al. determined that these reduced epinephrine ef-
fects in T1DM were worsened by intensive glycemic control (28). It appears that reduced
epinephrine action may be considered as an additional component to the HAAF syndrome.
Several studies have investigated whether avoidance of hypoglycemia can reverse some or
all of the elements of HAAF.

Fritsche et al. demonstrated that if hypoglycemic episodes are avoided for 4 months,
�-adrenergic sensitivity and hypoglycemic symptom responses could increase despite a
persistently blunted epinephrine response to hypoglycemia (29). Perhaps, indicating that
increases in �-adrenergic sensitivity are a prelude to restoration of endocrine and autonomic
function if hypoglycemic episodes are avoided (9). Other studies have also reported that
some or all of the features of hypoglycemia-associated autonomic failure (i.e., blunted
neuroendocrine counterregulatory responses) can be reversed with 3- to 6-months strict
avoidance of antecedent hypoglycemia (3,7–9,20,30–32).

EXERCISE-RELATED HYPOGLYCEMIA

Exercise has numerous therapeutic benefits. Physical activity improves insulin sensitivity;
helps maintain body weight, and can reduce postprandial hyperglycemia. However, despite
these and numerous other benefits, exercise often results in hypoglycemia in adults with
T1DM. Counterregulatory hormones are activated during exercise in a similar fashion
to hypoglycemia. However, norepinephrine levels are higher and epinephrine levels are
lower during exercise as compared to hypoglycemia. Nevertheless, the metabolic role of
counterregulatory hormones during exercise is to allow the individual to match glucose
production to the needs of the working muscles. Therefore, neuroendocrine mechanisms
are invoked to stimulate EGP, while simultaneously limiting glucose uptake in muscles. If
glucose production cannot match glucose uptake then hypoglycemia will develop.

Until recently, the mechanisms responsible for exercise-associated hypoglycemia in
T1DM were thought to be due to a relative or absolute excess of insulin and inadequate
glycogen repletion. Neuroendocrine counterregulatory responses are amplified during ex-
ercise in the presence of hypoglycemia (5). However, reports by Bottini et al. (33) and
Schneider et al. (34) demonstrated that T1DM patients had reduced counterregulatory re-
sponses during exercise. Furthermore, the responses appeared to be attenuated by intensive
metabolic control. These studies provided the first indication that deficient neuroendocrine
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Figure 4 Effects of morning hyperinsulinemic euglycemia (AM EUG), hypoglycemia (AM
HYPO), control (AM CON), or moderate intensity exercise (AM EX) on responses of epinephrine,
norepinephrine, free fatty acid, and glycerol, during afternoon hyperinsulinemic hypoglycemia
(50 mg/dL) in T1DM individuals. *P � 0.05, AM EX and AM HYPO are significantly reduced
compared to AM CON and AM EUG groups. Values are means ± SE.

and ANS counterregulatory responses could be a contributing mechanism to exercise-
associated hypoglycemia in T1DM.

Davis et al. and Galassetti et al. determined that neuroendocrine and metabolic re-
sponses during prolonged exercise (90 minutes at 50% Vo2max) are reduced by about
50% after prior hyperinsulinemic hypoglycemia in nondiabetic (35) and T1DM (36) in-
dividuals. Conversely, two bouts of prior exercise for 90 minutes at 50% Vo2max (31) or
60 minutes at 70% Vo2max (37) have been shown to blunt counterregulatory responses
to subsequent next-day hypoglycemia in both T1DM and nondiabetic subjects. Thus, the
above studies confirmed that blunted counterregulation induced by prior moderate-intensity
exercise is a mechanism responsible for subsequent hypoglycemia in T1DM (Fig. 4). And
in fact, Sandoval et al. demonstrated that repeated episodes of prolonged exercise of both
low (30% Vo2max) and moderate (50% Vo2max) intensities blunted key autonomic and
metabolic (EGP and peripheral glucose uptake) counterregulatory responses to next-day
hypoglycemia in T1DM (38). Thus, there appears to be a reciprocal feed-forward vicious
cycle of counterregulatory failure that is generated following antecedent episodes of exer-
cise and hypoglycemia (9).

Hypoglycemia can occur during exercise, and up to 24 hours after exercise (13).
Hence, patients with T1DM who exercise late in the day may be at-risk for nocturnal or
even next-day hypoglycemia. Following exercise, counterregulatory responses are dimin-
ished with the result that glucose rate of appearance during subsequent hypoglycemia is
dramatically blunted (35). Similarly following antecedent hypoglycemia, counterregula-
tory defenses to preserve glucose production during exercise are diminished. Additionally,
it should be noted that aerobic exercise will increase both insulin and noninsulin-mediated
glucose uptake. In order to prevent hypoglycemia during exercise, reductions in replace-
ment insulin doses during exercise are recommended (either basal insulin and/or preprandial
subcutaneous injections). This can be supplemented with additional oral intake of carbohy-
drate of 10 to 20 g every 30 to 60 minutes depending upon the intensity of exercise. Insulin
sensitivity increases about 2 hours after moderate-intensity exercise and thus consideration
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should be given to reducing basal and/or prandial insulin doses following exercise for the
next 24 hours. Individuals who have had a previous episode of hypoglycemia are at greater
risk of hypoglycemia during exercise. This may be countered by temporarily increasing
glycemic targets, carefully monitoring glucose levels and adjusting insulin dosing by reduc-
ing preexercise insulin and consuming appropriate amounts of carbohydrate to replenish
glycogen during and up to 24 hours following prolonged exercise.

COUNTERREGULATORY HORMONE RESPONSES TO
HYPOGLYCEMIA IN WOMEN

There is a large sexual dimorphism in counterregulatory responses to hypoglycemia. It
has been clearly demonstrated that both healthy young men and women with T1DM have
reduced neuroendocrine, ANS, and EGP as compared to age and body mass indexed
matched men (39–43). Davis et al. (2000) (43) illustrated that healthy and T1DM women
have lower catecholamine, glucagon, cortisol, growth hormone, EGP, and lactate responses
compared to age and BMI matched men. On the other hand, women have increased lipolytic
responses to hypoglycemia. This sexual dimorphism also occurs during exercise and is not
due to differences in glycemic thresholds for activation of counterregulatory responses (43)
(Fig. 5).

In a series of separate glucose clamp studies at glycemic targets of 90, 70, and
50 mg/dL, Davis et al. (2000) (41) demonstrated that reduced central nervous system drive
is responsible for the sexual dimorphic responses to hypoglycemia occurring in women. In
a subsequent study, Sandoval et al. (2003) (42) determined that estrogen is the mechanism
responsible for this sexual dimorphism in counterregulatory responses to hypoglycemia.
Despite this, the prevalence of hypoglycemic episodes in T1DM for men and women are
similar (4). This apparent paradox may be explained by the fact that women are more
resistant to the blunting effects of antecedent hypoglycemia on the ANS as compared to
men (43). Thus, two episodes of antecedent hypoglycemia in men will cause a twofold
greater blunting of counterregulatory responses to subsequent hypoglycemia as compared
to women. The result was that the usual sexual dimorphic response to hypoglycemia is
abolished.
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Figure 5 Effects of peripherally infused insulin and hypoglycemia on plasma epinephrine
(P � 0.01) and norepinephrine (P � 0.05) responses in overnight-fasted T1DM individuals.
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COUNTERREGULATORY HORMONE RESPONSES
TO HYPOGLYCEMIA IN OLDER ADULTS

Insulin therapy is often problematic for older adults with T1DM and the risk of severe
or fatal hypoglycemia associated with the use of insulin increases exponentially with
age (44,45). Older adults using multiple medications are likely to have comorbidities
and those who are frequently hospitalized are at greater risk for iatrogenic hypoglycemia
(46).

Meneilly et al. (44) investigated the effects of age on counterregulatory responses
during hyperinsulinemic hypoglycemic clamp studies. They reported that older adults with
diabetes had reduced glucagon and growth hormone responses during hypoglycemia, but
reported increased epinephrine and cortisol responses when compared to age matched
nondiabetic controls. Even with this mixed review, hypoglycemic symptom scores were
similar in both the groups at all levels of glycemia (44).

Matyka et al. (46), on the other hand, found differences in hypoglycemic symptom
responses when comparing healthy older men, aged 60 to 70, with younger men, aged 22
to 26. During clamp studies, neuroendocrine responses for the two groups were similar.
However, symptoms began earlier in the younger men and were more intense (46). Mea-
sures of psychomotor coordination deteriorated earlier in the older subjects and to a greater
degree (46). The usual 10 to 20 mg/dL plasma glucose difference between the subjective
awareness of hypoglycemia and the onset of cognitive dysfunction was lost in the older men
(46). This altered counterregulatory effect may contribute to the altered cognitive response
to reductions in blood glucose. A lower glycemic threshold to hypoglycemia would be
problematic in older persons. This would further limit the time available to self-treat and
thereby increasing the risk of developing severe hypoglycemia (44,46). Additionally, in the
older patient these neurological symptoms of hypoglycemia may be misinterpreted because
of coexisting illnesses such as cerebrovascular diseases or dementia (44,46). In older indi-
viduals with diabetes who have comorbidities such as dementia, cerebral vascular accident,
or depression, consideration should be given to these confounding factors when considering
glycemic treatment goals (46). Polypharmacy or medication nonadherence, impaired renal
and/or hepatic metabolism, and poor or erratic nutrition may increase hypoglycemic risks
(44,45,47,48). The American Geriatrics Society (AGS) recommends an A1 C of ≤ 7% for
older adults in good health and an A1 C of ≤ 8% for older adults with comorbidities and
in frail health (47).

CLINICAL ASPECTS OF HYPOGLYCEMIA

Hypoglycemia constitutes a medical emergency and quick correction is important for sur-
vival of the individual. Recovery requires the appropriate glucoregulatory signaling from
the brain, an enzmatically and structurally intact liver, and an adequate activation of the
ANS and neuroendocrine systems. Normally, this acute physiologic counterregulatory re-
sponse to hypoglycemia consists of suppression of insulin release and secretion of glucagon,
epinephrine, and a host of other glucoregulatory substrates. However as discussed in detail,
the response to hypoglycemia in adults with T1DM is altered. Treatment is often compli-
cated by the dynamics of HU and HAAF and more fundamentally, by excessive action of
exogenous insulin. This exogenous insulin that is delivered peripherally and not portally
(as with endogenous insulin) is not responsive to change in blood glucose concentrations
and has variable and nonphysiologic pharmocodynamics.
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There are several different challenges to preventing hypoglycemia (47–52). One is
related to the onset of short-acting insulin that is given preprandially. Short-acting (i.e.,
regular) insulin is designed for prandial use; however, its slow peak and long duration of
action poorly mimic the short, sharp prandial burst of endogenous insulin produced by the
healthy pancreas in response to eating. Thus, if enough insulin is taken to prevent an exces-
sive increase in glucose level with a meal, too much insulin may remain in the circulation
2 to 4 hours later. Hence, the patient seeking to achieve control of immediate postprandial
glycemia almost invariably realizes midmorning and midafternoon hypoglycemia before
the next meal. Substitution of preprandial regular insulin with rapid-acting insulin (e.g.,
glulisine, lispro, or aspart) reduces the frequency of daytime hypoglycemia (49,50).

Another problem is basal insulin replacement and nocturnal hypoglycemia. Indeed,
nighttime hypoglycemia can be a common occurrence in people with T1DM (4,51). Sleep
can preclude detection of symptoms warning of impending hypoglycemia (47,48). Noc-
turnal hypoglycemia is a feared complication of T1DM for both patient and loved ones.
Nocturnal hypoglycemia is frightening and can result in severe episodes such as seizures
due to lack of perceived warning cues.

Nocturnal hypoglycemia may result from the use of conventional intermediate-acting
insulins (such as NPH, Lente, or premix 70/30 or 50/50) for overnight insulin replacement
in patients with T1DM. All have a marked peak and trough effect that do not match
the physiologic pattern of nonprandial insulin secretion from the healthy pancreas. The
predicted peak action is 4 to 8 hours after injection, with the subsequent decreased levels
likely to leave the patient with relative insulin deficiency and hyperglycemia the next
morning. The recent introduction of long-acting insulin analogs (e.g., glargine and detemir)
has reduced the risk of nocturnal and some daytime hypoglycemia. To date, there is still
debate as to whether continuous subcutaneous insulin infusion via a pump reduces the
prevalence of hypoglycemia in T1DM adults. A study addressing this question is planned
and should provide data in 2008. Recent advances in continuous glucose monitoring when
linked to subcutaneous insulin delivery via a pump offer an exciting opportunity to reduce
hypoglycemia in T1DM. The devices, Dexcom and Medtronic, allow frequent monitoring of
plasma glucose trends (i.e., hyperglycemia and hypoglycemia) and alarm systems warning
of impending hypoglycemia (53).

TREATMENT OF HYPOGLYCEMIA

Fear of hypoglycemia is a real concern of patients receiving insulin therapy. Intensive
glycemic goals may make this concern “a reality” because there is a threefold greater
incidence of severe disabling hypoglycemia for patients striving to achieve near normal
glycemic targets as compared to conventional insulin replacement therapy (4,6). Education
regarding all aspects of diabetes care will be paramount in equipping the patient to prevent
and treat hypoglycemia. Carbohydrate counting, insulin dosing, concomitant medications,
alcohol intake, exercise, and even driving should be included in the discussion. Reducing
iatrogenic hypoglycemia will involve the patient, their support system, and health-care
provider. The health-care providers will take on the role of facilitator as they educate and
empower the patient to achieve diabetes self-care practices that will reduce diabetes-related
complications (acute and long-term). Education will help alleviate fear of hypoglycemia
that may impede ideal glycemic control (47).

Habitual review of signs, symptoms (often idiosyncratic to a particular individual),
treatment, and troubleshooting regarding hypoglycemia is mandatory. Understanding the
effects of insulin administration on daily routines, understanding that “diabetes” is now a
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part of who they are, will help empower the patient. It’s not that perfection is expected;
however, there is a need to understand consequences associated with certain behaviors. Lack
of understanding of the diabetes-related therapeutic regimen will contribute to repeated
incidents of hypoglycemia (47–51). The patients have to comprehend time-action profiles
of their insulin(s) and realize that excessive treatment can be harmful. Also, while on the
topic of hypoglycemia, it would be an oversight not to explain the importance of wearing
diabetes alert identification, as it may be lifesaving.

Blood glucose monitoring is fundamentally important to all diabetes treatment reg-
imens. However, for people who experience HU and those performing critical tasks such
as driving or operating other heavy machinery, it is especially so (46,47). If a history of
hypoglycemia is given, details regarding the timing of episodes need to be identified and
treatment regimen adjusted accordingly. Sometimes, the hypoglycemic episodes—a missed
or delayed meal, eating less food at the meal than planned, unplanned exercise, taking too
much diabetes-related medication, or alcohol intake—have obvious remediable solutions.
Appropriate regimen changes must be made. If these events are not addressed and inter-
vention is not taken, then the risk of repeated episodes of hypoglycemia and the subsequent
development of HU is high (50).

A review of the patient’s self-monitoring blood glucose log will help interpret blood
glucose patterns. Patients should always have a rapidly available source of glucose with
them to treat hypoglycemia at the first sign of low glucose. Treatment of hypoglycemia
(plasma glucose � 70 mg/dL), asymptomatic hypoglycemia and most episodes of mild-to-
moderate symptomatic hypoglycemia are effectively self-treated by ingestion of some form
of glucose. If blood glucose is � 70 mg/dL, give 15 to 20 g of quick-acting carbohydrates.
Pure glucose is preferred; however, any form of carbohydrate that contains glucose will
raise plasma glucose. Test the blood glucose in 15 minutes following treatment, if still
below 70 mg/dL, retreat with 15 g of additional carbohydrate. The glycemic response to
oral glucose is transient and therefore, ingestion of a small, complex carbohydrate snack
shortly after the plasma glucose concentration is raised, is generally advisable, especially if
the next meal is longer than an hour away. The “rule of 15” is a helpful treatment regimen
when a patient is able to self-treat.

If a patient is unconscious or unable to take in oral carbohydrates, parental glucagon
injection may be used. Glucagon kits require a prescription. Glucagon acts via mobilizing
glucose stores from the liver via glycogenolysis. Thus, it is less effective in a glycogen-
depleted states (e.g., prolonged starvation, immediately after exercise or alcohol ingestion).
Glucagon kits need to be available for family members or caregivers, and they need to be
knowledgeable in their use. Following administration of glucagon, oral carbohydrate should
be administered to replenish hepatic glycogen. Furthermore, it should be remembered that
the insulin responsible for the hypoglycemia is still active in the individual. Thus, steps
should be taken to prevent any rebound hypoglycemia.

CONCLUSIONS

The ADA has glycemic target recommendations for individuals with T1DM. However,
clinical judgment is required to determine what is reasonable and safe for the individual to
achieve. The threat and incidence of iatrogenic hypoglycemia is a major limiting factor in
implementing intensive glycemic management of diabetes. Aggressive glycemic therapy
can create a vicious cycle of increased hypoglycemia, hence, reducing defenses against
subsequent hypoglycemia. Many studies have demonstrated that antecedent hypoglycemia
can result in transient autonomic failure. The compromised glucose counterregulatory
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systems in turn lead to HU. Nonetheless, it is possible to both improve glycemic control
and minimize hypoglycemic risks by understanding the physiologic counterregulatory
responses and aggressively monitoring glycemic therapy. Patient education is fundamental
in the prevention and treatment of hypoglycemia when striving to achieve intensive glycemic
control in adults with T1DM.
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BACKGROUND

Currently, diabetes mellitus (DM) afflicts an estimated 171 million people worldwide and
20.8 million in the United States (though only two-thirds of these are diagnosed). Type
1 DM accounts for 5% to 10% of these cases (1). Diabetes prevalence in women 18 to
44 years old is lower than that in the general population, although with an excess of type
1 cases. Importantly, the prevalence of type 2 DM (and of diabetes overall) is increasing
dramatically in young women, perhaps due to the epidemic of adolescent obesity.

One to two percent of pregnancies are complicated by pregestational DM, with type
1 more frequent than type 2. An additional 3% to 5% of pregnancies will be complicated by
Gestational Diabetes Mellitus (GDM), including a subset (about 9% of cases) that actually
has undiagnosed type 2 DM. Women with type 1 DM, characterized by the complete lack
of insulin production, have historically been characterized during pregnancy by White’s
classification system (Table 1) in attempts to predict pregnancy outcomes and complica-
tions by the duration, severity, and medical complications associated with the diabetes (2,3).
Pregestational type 2 DM is characterized by increasing insulin resistance and subsequently
impaired insulin secretion, which worsen during pregnancy. Type 2 DM is strongly associ-
ated with obesity, sedentary lifestyle, ethnicity, and family history. Its incidence is growing
dramatically (2).

Gestational diabetes is characterized by glucose intolerance leading to diabetes first
detected during pregnancy (4). It will affect up to 14% of some high-risk populations
including African-Americans, Hispanic-Americans, American-Indians, Asian-Americans,
and Native Hawaiian/Pacific Island ethnic groups (5,6).

Since a growing percentage of young women with pregestational glucose intolerance
or frank type 2 DM remains undiagnosed and because this population rarely comes to
medical attention outside of pregnancy, these women must be identified during prenatal
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Table 1 White’s Classification of Diabetes Mellitus in Pregnancy

Class Criteria

Gestational Diabetes
A1 Diet controlled gestational diabetes
A2 Insulin controlled gestational diabetes

Pregestational Diabetes
B Age of onset 20 yr or greater; duration � 10 yr
C Age of onset 10–19 yr; duration 10–19 yr
Da Age of onset � 10 yr; duration � 20 yr
R Proliferative retinopathy or vitreous hemorrhage
F Nephropathy with over 500 mg of protein/day
RF Criteria for both R and F
G Many pregnancy failures
H Evidence of arteriosclerotic heart disease
T Prior renal transplant

aHistoric subdivision of class D, not currently used in clinical practice. D1: age of onset
� 10 yr; D2: duration � 20 yr; D3: calcification of vessels of the leg (formerly class E);
D4: benign retinopathy; D5: hypertension.

care in order to optimize maternal and fetal health (1). The need for pregnancy prevention or
preconceptional planning should be discussed during care by the diabetologist with referral
to a perinatologist for further preconceptional counseling.

PRECONCEPTIONAL COUNSELING

Overall, more than two-thirds of pregnancies are unplanned (3). Because first trimester
hyperglycemia may lead to fetal malformations and pregnancy loss and because untreated
target organ damage may worsen during early pregnancy, women contemplating pregnancy
should be referred for preconceptional counseling to optimize maternal health, to tighten
glycemic control, and to anticipate maternal diabetic, obstetric, and fetal complications.
The preconceptional visit should include a thorough history of disease state, comorbidities,
and an extensive maternal examination. Not only will women want to discuss how diabetes
will affect the pregnancy but also they will wish to know how the pregnancy may impact
their diabetes. Discussion of the anticipated risks may further include questions on how to
achieve pregnancy.

REPRODUCTIVE FUNCTION

Preconceptional consultation may reveal abnormalities in reproductive function. Women
with DM may report delay in menarche, delay in ovulation, and increased incidence of
menstrual irregularities (7–9). Individually or collectively, these may contribute to relative
infertility.

Longer duration of type 1 DM as well as higher insulin requirements have been
associated with inability to conceive although the mechanism impairing fertility is not
entirely clear (10). Abnormalities in the hypothalamic–pituitary axis of diabetic women
have also been associated with impaired fertility as demonstrated by decreased response
of luteinizing hormone to gonadotropin-releasing hormone (11,12), decreased thyrotropin
concentrations (14), decreased synthesis of corticosterone (13), and decreased basal levels
on luteinizing hormone and follicle-stimulating hormone (8,14).



OTE/SPH OTE/SPH

DK6222_c12 IHUS006-Jabour October 10, 2007 9:22 Char Count=

Diabetes and Pregnancy 215

Pathways involving the direct effects of insulin on ovarian cells have also been
postulated to affect reproductive function. In rats with alloxan-induced DM, the ovarian
weights are reduced, apparently due to decreased responsiveness to gonadotropins (15,16).
Even women with fair control of their diabetes have impaired insulin-stimulated synthesis
of progesterone by granulosa cells (17). Improved glycemic control, as evidenced by lower
HbA1c correlates with higher rates of conception (18).

Additionally, DM increases rate of spontaneous abortions (SAB). The SAB rate in
prospective studies of women with type 1 DM ranges from 15% to 30% compared to
10% to 12% in nondiabetic women (18–22). The increased rate of SAB has been linked
to periconceptional glycemic control (32). This increased rate has been attributed to early
developmental insults with ensuing degeneration of the fetus and formation of a blighted
ovum or the formation of major congenital anomalies incompatible with extrauterine life.
Poor glycemic control may also result in abnormal placentation or abnormal vascularization
resulting in SAB (33,34). While it remains unclear whether there is a threshold elevation
of HbA1c that predicts SAB, it is clear from both mouse and human studies that poor
glycemic control leads to progressive increases in SAB (18,21–31).

MATERNAL EVALUATION

Either prior to conception or at the earliest antenatal visit, it is crucial to evaluate maternal
health in order to estimate and limit maternal and fetal risks during pregnancy. This first
visit should include the following:

1. Evaluation of glycemic control
� Hemoglobin A1c
� Self-monitored blood glucose concentrations: fasting, preprandial, postpran-

dial, and nighttime. An additional 2:00 a.m. and 3:00 a.m. blood glucose con-
centration may be needed to assess for maternal hypoglycemia. See table 2 for
target glycemic values.

2. Evaluation of renal function
� 24-hour urine collection for protein and creatinine
� Serum creatinine
� Estimation of creatinine clearance and GFR

3. Evaluation of blood pressure
4. Evaluation for retinopathy—examination by ophthalmologist with follow-up each

trimester or more frequently if retinopathy diagnosed
5. Clinical examination for peripheral and autonomic neuropathy

� Sensory loss
� Postural hypotension

Table 2 Goals for Self-Monitored Blood
Glucose Concentrations

Capillary whole-blood
glucose

Fasting 60–90 mg/dL
Before meals 80–95 mg/dL
1 hr after meals � 140 mg/dL
2 hr after meals � 120 mg/dL
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� Gastroparesis
� Heat intolerance

6. Clinical evaluation of peripheral vascular disease
7. Evaluation of thyroid status (TSH and free T4) in patients with type 1 DM
8. EKG

� For patients older than 35 or those with comorbidities (hypertension, nephropa-
thy, obesity, diabetes � 10 years, hypercholesterolemia).

� Abnormalities should be further evaluated with a stress test.

Stratifying disease severity and documenting end-organ damage will provide expectations
for pregnancy outcomes and complications. Patients can then be made aware of the care
anticipated for a successful pregnancy.

GLYCEMIC CONTROL DURING PREGNANCY

The key to successful obstetrical outcomes with optimization of maternal and fetal health
can be achieved primarily through aggressive glycemic control. In order to obtain this
narrow window of normoglycemia in pregnancy, the patient, perinatologist, diabetologist,
diabetic nurse educator, and nutritionist must embark on a multidisciplinary approach to
disease management. Active participation by the patient in her care is essential.

Increasing insulin resistance in pregnancy may require continued meetings with the
nutritionist and diabetic educator to optimize a diet and medication regimen that works
in pregnancy. The patient will need to self-monitor blood glucose concentrations with a
glucometer with memory. The capacity to download glucose concentrations with dates and
times will aid adjustment to diet, scheduled food intake, and exercise regimens.

Target Glycemic Values

Women will need to be educated regarding the changing goals for blood glucose concen-
trations in pregnancy (Table 2). As they learn to manage their diabetes in pregnancy, they
will learn when adjustments to therapy should be considered based on the number of out
of target glycemic values obtained over the course of their monitoring. Providers should
inform their patients that if greater than 15% to 20% of values are outside the target range
they should call their physician and relay their glucose concentrations. Women with con-
sistently elevated fasting glucose concentrations should be encouraged to obtain a glucose
concentration between 2:00 a.m. and 3:00 a.m. to assess for a Somogyi effect that is discov-
ered with maternal hypoglycemia in the early am with maternal hyperglycemia at the am
fasting.

MANAGEMENT WITH DIABETES IN PREGNANCY

Patients should understand normal physiology with a basal rate of insulin secreted to prevent
excess hepatic production and mobilization of free fatty acids from adipose. Basal insulin is
required whether or not food is consumed. Additional insulin is needed with consumption of
food. Understanding the normal physiology and that resistance may increase with pregnancy
will then help the patient understand the use of diet, medication, and exercise to obtain
normoglycemia.
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Traditional Insulin Regimens

The mainstay of management in pregestational diabetes in pregnancy has been through the
use of regular and NPH insulins. When calculating doses for insulin regimens in type 1
DM, estimate 0.9 U/kg/day in the first trimester, 1.0 U/kg/day in the second trimester, and
1.2 U/kg/day in the third trimester. In insulin regimens for type 2 DM the requirements
are increased: 0.9 U/kg/day in the first trimester, 1.2 U/kg/day in the second trimester,
and 1.6 U/kg/day in the third trimester (35–37). Insulin requirements for gestational DM
are usually biphasic with dosages frequently increasing from 24 weeks up to 30 weeks
estimated gestational age (EGA) and then stabilizing after 30 weeks EGA. Dosage can be
estimated based on body mass index (BMI). If the BMI ≤ 25, then start with 0.8 U/kg/day.
If the BMI ≥ 25, then start with 1.0 U/kg/day (38). Once the total dose is calculated, then
divide the dose into two-thirds in the morning and one-third in the evening. Further, divide
the morning dose into a 2:1 ratio of intermediate to rapid acting, and divide the evening
dose into a 1:1 ratio of intermediate- to rapid-acting insulin.

Due to the onset and peak of the regular and NPH insulins, it is recommended that a
meal with a mixed carbohydrate load should be eaten to coincide with the peak of regular
insulin in 30 minutes with duration of 90 minutes. A second meal or snack, with a significant
carbohydrate content should be eaten five to seven hours later.

Insulin Analogs

Short-acting insulin analogs, lispro, and aspart have reduced stability with increased ab-
sorption after injection. Administration should occur immediately prior or up to 15 minutes
after starting meals. While these agents are reported to increase control and decrease ma-
ternal hypoglycemia, they have shown conflicting results with improvement in obtaining
target glycemic values. Use of these short-acting analogs should be accompanied by car-
bohydrate counting to improve glycemic control and decrease maternal hypoglycemia.
There are short-term studies showing minor benefit; but, until long-term data for safety are
available, use with caution is recommended.

Lantus is a long-acting insulin which is generally dosed once daily. It should be
combined with a short-acting analog in the highly motivated patient for aggressive control.
Concern for maternal hypoglycemia exists with this long-acting agent. Studies report use
in pregnancy, but no long-term data are available and so currently it is listed as a category
C drug.

MATERNAL DIABETIC COMPLICATIONS

As evidenced by the key factors in the White’s classification scheme and by the compo-
nents of our recommended initial patient evaluation above, key factors in maternal manage-
ment, pregnancy risks, and long-term outcome include microvascular diabetic complica-
tions, macrovascular complications, and hypertension. We therefore now focus on diabetic
retinopathy, nephropathy, coronary artery disease, and hypertension.

Retinopathy

Retinopathy will affect the majority of patients diagnosed with type 1 DM and is the
leading cause of blindness in the United States. Of patients followed for 20 years who
were diagnosed with diabetes before the age of 30, 50% will have proliferative retinopathy,
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while 100% will have some form of retinopathy (39,40). In the nonpregnant diabetic patient,
glycemic control is correlated with the presence and severity of retinopathy (41–43). Strict
glycemic control is associated with slower development and progression of retinal disease
in both type 1 and type 2 DM.

Effect of Pregnancy

In pregnancy there are additional physiologic and hormonal changes presenting challenges
to determining the cause of progressive retinopathy. Trying to untangle the effects of time,
glycemic control, and pregnancy with its resulting increased difficulty in glycemic control,
development of pregnancy-induced hypertension, and the circulating angiogenic growth
factors has been virtually impossible. Pregnancy may be a state in which the convergence
of glycemic control, growth factors, and hypertension accelerate retinal changes and cause
worsening of the disease. Review of the literature has contradictory findings due to the
heterogeneity between studies as seen in differing designs methodology, inconsistent fre-
quency and method of fundoscopic examinations, and inconsistent length of follow-ups.
These variations in study design may explain the difficulty in reconciling the findings.
The constraints of limited postpartum follow-up further restrict observations to short-term
effects of pregnancy on retinal disease. Several studies have addressed these questions and
reached these varying conclusions (44–74):

1. The progression of retinopathy is based on the severity of the preexisting disease.
Women with no disease or mild retinopathy are less likely to have progression
than those with advanced disease (Table 3). However, 10% to 15% of women
with no retinal disease may progress to proliferative retinopathy during preg-
nancy and require photocoagulation. It is unclear whether this reflects the natural
course of disease in these women and would have occurred without pregnancy
(60,61,64).

2. While tight glycemic control ameliorates retinopathy in nonpregnant diabetics and
tight control at conception predicts good pregnancy outcome, a paradoxical liter-
ature suggests that rapid attainment of strict glycemic control early during preg-
nancy may accelerate retinopathy. Taken together, therefore, existing retinopathy
should be photocoagulated, if possible, prior to conception and strict glycemic
control achieved gradually, also prior to conception rather than rapidly afterwards
(44–51).

3. In addition to intensive glycemic control, humoral and paracrine factors such
as growth hormone, insulin-like growth factor 1, vascular endothelial growth
factor (VEGF), and other angiogenic factors may contribute to the development
of retinopathy (52–56). The significance is that the placenta produces several

Table 3 Progression of Retinal Disease in Pregnancy by Prepregnancy Retinal Examination

Author (year)
No. of

pregnancies None Background Proliferative

Horvat et al. (1980) 160 13/118 (11) 11/35 (31) 1/7 (14)
Moloney & Drury (1982) 53 8/20 (40) 15/30 (50) 1/3 (33)
Dibble et al. (1982) 55 0/23 (0) 3/19 (16) 7/13 (54)
Ohms (1984) 100 4/50 (8) 15/48 (31) 1/2 (50)
Rosenn et al. (1992) 154 18/78 (23) 28/68 (41) 5/8 (63)

No. (%) with progression based on initial examination.
Source: Modified from Ref. 126.
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angiogenic factors that result in vessel proliferation in vivo and in endothelial cell
cultures in vitro. Human placental lactogen with growth hormone-like actions,
circulates at levels up to 1000 times that of growth hormone, and placental growth
factor acts a full agonist at VEGF type 1 receptors. Theoretically, the presence of
placental factors could result in new vessel formation during pregnancy although
it is unknown whether the systems’ concentrations of these factors is high enough
to affect distant target organs, such as the eyes (57,58).

4. Progression of retinopathy is more likely to occur in patients with hypertensive
disorders. As 10% to 20% of women with diabetes develop pregnancy-induced
hypertension, the relation of hypertension to retinopathy may be particularly rel-
evant during pregnancy. The development of pregnancy-induced hypertension or
preeclampsia has been linked to progression of retinopathy in 50% to 60% of
women during pregnancy (59–61). In women with preproliferative changes, acute
retinal hemorrhage may occur with the increased blood pressure associated with
the Valsalva of maternal expulsive efforts. Some obstetricians recommend ce-
sarean delivery due to this concern while others contend that the vascular changes
are predominantly postarteriolar and are unlikely to be affected by the Valsalva
maneuver.

5. The regression of retinal disease is demonstrated in the majority of postpartum
patients. These observations suggest that short-term worsening of retinal disease
may not predict overall long-term effects of pregnancy on diabetic retinopathy
(60,63,66,71).

In summary, retinal disease may progress during pregnancy, and the risk of progression is
related to the severity of baseline retinopathy. While progression of retinal disease can be
documented, women should also be followed for several years postpartum monitoring for
disease regression. The changes observed in pregnancy may be accounted for by the altered
hormonal milieu, the rapid normalization of glycemic control, development of hypertensive
complications, or the hemodynamic stresses of pregnancy though their relative importance
remains uncertain due to limited data. Except for the subset of women who suffer rapid
proliferative changes or retinal hemorrhages, the long-term prognosis for most women is
not altered by pregnancy.

Management of Diabetic Retinopathy in Pregnancy

1. Preconceptional counseling with referral to ophthalmology for baseline fundo-
scopic examination.

2. Gradual tight glycemic control prior to conception.
3. Photocoagulation of proliferative retinopathy to stabilize disease prior to concep-

tion.
4. Funduscopic examination at least every trimester and 6 to 12 weeks postpartum.
5. Visual changes should be addressed immediately by their ophthalmologist.

Nephropathy

Diabetic nephropathy is the most common cause of end-stage renal disease in the United
States affecting up to 40% of diabetics. Clinically, diabetic nephropathy progresses through
four distinct clinical phases including renal hypertrophy with scattered glomerular sclerosis
and basement membranes widening, subclinical disease with the development of microal-
buminuria followed by proteinuria and ultimately resulting in end-stage renal disease (75).
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Like many other advanced complications of diabetes, the incidence of diabetic
nephropathy is related to the duration of diabetes. Once nephropathy is present, there
is progressive decline in renal function with a decrease in glomerular filtration rate of
10 mL/min each year. With this stepwise decrement, the incidence of nephropathy seen
in diabetics is approximately 15% in 15 years, 30% in 20 years, and 40% in 30 years
with end-stage renal disease occurring in at least 75% of patients within the following
10 years. Within the past decade, it has become evident that development and progres-
sion of nephropathy can be modified by meticulous control of blood pressure, preferably
with ACE-inhibitors and angiotensin receptor blockers (ARBs), and strict glycemic control
(76–81).

Effect of Pregnancy

Nephropathy in pregnancy may mirror retinal disease in pregnancy as a convergence of
factors leading to the development of disease. Indeed, glomerular filtration rate, hyper-
tension, protein intake and excretion, and glycemic control have been associated with the
development of nephropathy. Three major factors associated with pregnancy may increase
the risk of nephropathy.

1. While glomerular filtration rate increases 40% to 60% in pregnancy, it does so
without an increase in glomerular capillary pressure and so should not worsen
diabetic nephropathy by a hemodynamic mechanism (82) (Table 4).

2. Likewise, there are no data to suggest any benefit of a low protein diet during
pregnancy (83–85).

3. The use of ARBs and ACE-inhibitors for tight control of hypertension slows pro-
gression of nephropathy. Hod et al. confirmed this theory in a small uncontrolled
study, optimizing therapy to reduce proteinuria prior to pregnancy and improving
pregnancy outcome. In a retrospective study by Carr, poor obstetrical outcomes
were associated with diminished first trimester blood pressure control. Of greater
concern was that many patients with diabetic nephropathy in that academic medi-
cal center had inadequately or entirely untreated hypertension prior to conception
(86,87).

Table 4 Progression of Diabetic Nephropathy in Pregnancy

Accelerated progressed
to author (year) No.

Follow-up
(months) Progression

ESRD
(n)

Kitzmiller (1981) 23 9–35 No 3
Dicker (1986) 5 6–12 No 0
Grenfell (1986) 20 6–120 No 2
Reece (1988) 31 1–86 No 6
Reece (1990) 11 10–45 No 0
Bisenbach (1992) 5a 13–42 Yes 5
Kimerle (1995) 29 4–108 No 8
Gordon (1996) 34 34 (average) Yes 3
Purdy (1996) 11a 6–138 Yes 7
Mackie (1996) 6a 6–96 No 3
Rossing (2002) 26 36–164 No 5
Bagg (2003) 14 12–192 No 5
Irfan (2004) 35a 6–57 Yes 22

aCreatinine clearance � 75 mL/min at baseline or serum creatinine � 1.4 mg/dL.
Source: Modified from Ref. 126.
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4. Hypertension coexists with many renal disorders, and systemic arterial hyperten-
sion may be a factor in the rate of nephropathy progression (88,89). Management
of hypertension with angiotensin-converting enzyme (ACE) inhibitors or alterna-
tive antihypertensive agents appears to slow the progression to overt nephropathy
and may also delay the progression from overt nephropathy to end-stage renal
disease (90,91). With 10% to 20% of all women with type 1 DM affected by
pregnancy-induced hypertension and additional women affected with some vari-
ation of nephropathy, pregnancy may be expected to exert a detrimental effect on
renal disease significant cohort of women with diabetes.

While ACE-inhibitors and ARBs are contraindicated in late pregnancy due to fatal fetal
renal failure, they had been used up to conception or during the first trimester. How-
ever, the recent report that first trimester ACE exposures could be associated with the
rare occurrence of severe malformations has led to the avoidance of treatment during
attempts at conception to avoid this risk (92). While it seems reasonable to use other
agents in women with essential hypertension, balancing the potential risks and bene-
fits would still seem to favor use of ACE inhibitors up to time of conception. The strict
glycemic control desired in pregnancy may actually benefit renal function and delay disease
progression.

Effect of Nephropathy on Pregnancy

The presence of nephropathy may affect pregnancy outcomes due to three main reasons:

1. The presence of nephropathy increases the likelihood of developing hypertensive
complications. While many of these women may have preexisting chronic hy-
pertension, even those that do not, preeclampsia is a common complication of
pregnancy. While the diagnosis of preeclampsia may be challenging due to pre-
existing hypertension and proteinuria, the rate of superimposed preeclampsia is
estimated at 50% (92–103).

2. In women with nephropathy, due to declining maternal health or fetal compromise,
there is an increased risk of fetal prematurity. Approximately 25% to 30% of
pregnancies are delivered prior to 34 weeks gestation and almost one-half are
delivered prior to 37 weeks gestation (94–103).

3. In women with nephropathy, there is an increased risk of fetal growth restric-
tion and fetal distress occurring in approximately 20% of pregnancies. The pres-
ence of chronic hypertension, worsening nephropathy, decreased creatinine clear-
ance, and superimposed preeclampsia are all associated with this increased risk
(101–103).

In diabetic women, the worst perinatal outcomes are seen in women with impaired renal
function, with increased serum creatinine concentrations and decreased creatinine clear-
ance. The poor obstetric outcomes are due to prematurity as perinatal survival has ap-
proached 100% over the last several decades. To continue this trend, aggressive control of
maternal hypertension is of paramount importance while the choices of antihypertensive
medications remain limited. The use of ACE-inhibitors during pregnancy is contraindicated
due to their potential for fetal renal dysplasia resulting in oligohydramnios and pulmonary
hypoplasia. The medications most widely used are Methyldopa, Nifedipine, and alpha-
adrenergic blockers, for a targeted blood pressure in the range of 130/80.
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Management of Diabetic Nephropathy in Pregnancy

1. Preconceptional counseling with referral to nephrology for comanagement of renal
disease and hypertension. If preconception serum creatinine is � 1.4 mg/dL or if
creatinine clearance is ≤ 75 mL/min, advise the patient that the risk of maternal
and fetal complications is high and that pregnancy may accelerate nephropathy
towards end-stage renal disease.

2. Baseline assessment of renal function with serum creatinine, creatinine clearance,
and 24-hour urine protein. Proteinuria may increase during pregnancy without
signifying worsening of the underlying nephropathy.

3. Repeat assessment of renal function at least every trimester or more frequently
if concerns for superimposed preeclampsia exist. The clinical diagnosis of su-
perimposed preeclampsia may be extraordinarily difficult in these women due to
baseline proteinuria and hypertension.

4. Aggressive management of hypertension to maintain blood pressure under 130/80.
Patients should be taken off ACE-inhibitors upon conception and switched to an
alternative agent as needed.

5. Acute worsening of renal function should lead to pregnancy termination or early
delivery.

Coronary Artery Disease

Atherosclerosis and fatal myocardial infarction occurs three times more frequently in
women with diabetes. In women with preexisting cardiovascular disease, the physiologic
changes of pregnancy and delivery can result in inadequate myocardial oxygenation re-
sulting in myocardial infarction and heart failure. The physiologic changes associated with
pregnancy increased cardiac output, decreased systemic vascular resistance with shunting
of blood from the coronary arteries, increased oxygen consumption combined with the
intrapartum changes of increased vascular return during contractions followed by the acute
blood loss at delivery can combine with decreasing blood flow to the myocardium and
failure to meet the heart’s demands. Additionally, these women are extremely susceptible
to pulmonary edema and myocardial damage in the immediate postpartum period. Im-
mediately after vaginal delivery, there is a 60% to 80% increase in cardiac output due to
autotransfusion of uteroplacental blood, release of venocaval obstruction, and rapid mo-
bilization of extravascular fluid which results in increased stroke volume and increased
venous return (104).

Coronary artery disease can be further complicated by maternal hypoglycemia. Strict
glycemic control in the type 1 diabetic has been associated with increased episodes of hy-
poglycemia in pregnancy. This phenomenon is seen primarily in the first half of pregnancy.
The concern revolves around the activation of the counter-regulatory responses with the re-
lease of catecholamines that lead to tachycardia and increased demand on the myocardium.
These changes can result in acute myocardial infarction in the patient with underlying
coronary artery disease.

Management of Coronary Artery Disease in Pregnancy

1. Preconceptional counseling with referral to cardiology for comanagement. A thor-
ough examination to assess the extent of coronary artery disease and myocardial
function.

2. Counseling should include serious maternal risk of death associated with attempt-
ing pregnancy.
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3. Option of pregnancy termination should be discussed.
4. Limit maternal physical activity.
5. Aggressive glycemic control with frequent self-monitored blood glucose levels

and avoidance of maternal hypoglycemia. Targets for blood glucose levels may
have to be adjusted to attempt to further avoid maternal hypoglycemia.

6. Delivery at a tertiary care center. Anesthesia consultation should be obtained well
before delivery. Maternal effort should be kept to a minimum.

7. Permanent sterilization should be discussed in advance so that the procedure can
be performed at the time of delivery.

8. Close postpartum monitoring due to risk of hemodynamic decompensation.

Neuropathy

Little is known about the effects of diabetic neuropathy on pregnancy or the possible effects
of pregnancy on neuropathy. Pregnancy may increase the incidence of polyneuropathy but
in the long-term, pregnancy has not increased the prevalence of neuropathy.

Of interest, the presence of gastroparesis may affect pregnancies leading to worsen-
ing of nausea and emesis. The results of this gastrointestinal dysfunction are inadequate
nutrition, irregular absorption of nutrients, and aberrant glucose control.

FETAL COMPLICATIONS

Congenital Malformations

Congenital Malformations (CM) is the single most important factor impacting perinatal
mortality in the diabetic patient. CM in the pregestational diabetic patient accounts for 50%
of perinatal mortality compared to the 20% to 30% in nondiabetic women (105–110). The
hypothesis is that a hyperglycemic environment, as seen in the poorly controlled pregesta-
tional diabetic, is the underlying factor for congenital malformations during embryogenesis.
This is underscored by the increased risk of CM seen in women with fasting hyperglycemia
first diagnosed in pregnancy. These women likely represent the undiagnosed pregestational
diabetic (111,112).

While maternal and fetal management and surveillance have continued to improve
with technological advances, the incidence of CM remains the same 4.9% to 9.2%, which
is a sevenfold increase in risk over the general population (113–116). Indeed, prevention of
congenital malformations can only be achieved with preconceptional and early postconcep-
tional glycemic control. In addition to the obvious benefits of such an approach in terms of
clinical outcome, an analysis of the cost–benefit ratio for preconceptional care demonstrates
that intensive medical care before conception results in significant cost savings compared
with prenatal care only (117,118).

ABNORMAL FETAL GROWTH

Macrosomia

Macrosomia is most commonly defined as a birth weight greater than 4000 g. Normal
infants who are constitutionally large will obviously also be labeled macrosomic, but
the macrosomia characteristic of the diabetic pregnancy is associated with altered body
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composition with increased body fat is therefore considered abnormal. In diabetic women,
15% to 45% of pregnancies will be complicated by macrosomia (119).

In understanding intrauterine fetal growth, a biphasic intrauterine growth pattern has
been observed with an initial phase of early fetal growth delay in the first half of pregnancy,
affecting both head and abdominal growth, followed by the typical accelerated abnormal
fetal growth in the third trimester. The accelerated growth in the third trimester is further
characterized by abnormal adipose deposition and distribution, visceral organ hypertrophy
and hyperplasia, and acceleration of skeletal growth (120–123). The excessive fetal size
and asymmetric macrosomia are the principal factors contributing to the increased risk of
birth trauma in infants of mothers with DM, with such complications as shoulder dystocia,
asphyxia, brachial plexus injuries, and facial nerve palsies (124). Macrosomia is also a
major factor in the increased rate of cesarean delivery among women with DM (125).

Fetal Growth Restriction

At the opposite end of the spectrum of disturbances in fetal growth among infants of
mothers with DM, infants born to mothers with microvascular disease are at increased risk
of fetal growth restriction. Fetal growth restriction can be defined as estimated fetal weight
below the 10th centile for a reference population or abdominal circumference less than fifth
centile. This risk of growth restriction confounds the fact that these infants are at increased
risk of low birth weight because of the increased risk of prematurity among mothers with
microvascular disease (94). It appears that the microvascular process in these women may
affect placentation and uterine blood flow, possibly leading to compromised fetal nutrition
and fetal growth restriction. Indeed, the rate of fetal growth restriction among these infants,
defined as birth weight less than the 10th percentile for gestational age, is 11% to 21%
(92,94,101,102).

CONCLUSIONS

In summary, pregnancy in the woman with type 1 DM remains challenging. Surprisingly,
despite an increase in the tools available for diabetes management and monitoring, the
outcomes during and after pregnancy have not dramatically improved. Much of this may
still be connected to the fact that there is not enough prepregnancy planning in those women
with type 1 DM. Clearly this needs to be addressed by endocrinologists and care providers
in communities where those with type 1 DM receive their day-to-day care. Until this reality
changes, clearly the risks will remain greater in this population, requiring more aggressive
monitoring and greater potential for poor outcomes for both mother and child.
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INTRODUCTION

When considered from an experiential perspective, type 1 diabetes (DM1) represents a
significant stressor for individuals and their families. A comprehensive understanding of
psychological factors related to DM1 requires investigation of (i) the impact of DM1 upon
psychological adjustment and (ii) the impact of psychological adjustment upon medical
outcomes for DM1. Both of these directions of influence are reviewed below regarding each
of the most prevalent and/or problematic psychological adjustment problems for adults with
DM1.

When comparing with other chronic health conditions, from an experiential perspec-
tive, it is important to consider:

� disease factors, including disease onset, disease progression;
� regimen factors, including the complexity, the intrusiveness, the cost and the

accessibility, and the side-effects that affect regimen adherence;
� individual factors, including health beliefs and coping; and
� comorbid psychopathology (1).

Disease, regimen, and individual factors specific to DM1, although reviewed more
comprehensively elsewhere (2), will be reviewed briefly in this chapter. Several psycholog-
ical problems that are prevalent and problematic among individuals with DM1, depression,
anxiety, and dysregulated eating, will each be reviewed in detail in the chapter.

The disease onset of DM1 may vary in several ways. Some individuals may ex-
perience the vague and mildly distressing symptoms of increased thirst and urination,
hunger, fatigue, and weight loss, and subsequently seek medical attention at which time
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they receive the diagnosis of DM1. In such cases, the symptoms are not extreme or greatly
distressing, and the individual may perceive the news of the diagnosis and demand for
ongoing treatment to be more distressing than the symptoms. In contrast, other individ-
uals may develop diabetic ketoacidosis (DKA) (e.g., a serious and dangerous condition
of high levels of ketones, which can result in coma and/or death) prior to diagnosis, and
therefore experience the disease onset as more distressing and fear inducing. Addition-
ally, many adults with DM1 have been diagnosed as children or adolescents, and time
since diagnosis is an important consideration. The regimen factors are likely to be more
important than the disease factors regarding both coping and self-management success
among individuals with DM1. The DM1 self-management regimens, as described in more
detail in other chapters, are reviewed here with respect to the specific demands they place
on patients. Regardless of which exact regimen an individual uses, the DM1 treatment
is complex, multifactorial, and requires ongoing consistency (2). The exact regimen, in
turn, poses particular challenges and offers particular benefits. In Table 1, the typical cur-
rent DM1 regimens are compared and contrasted regarding the factors involved in patient
self-care.

Table 1 Specific Self-Management Activities and Lifestyle Factors Relevant to
Current Insulin Regimen

Type of regimen Injection therapy with
intermediate insulin
and rapid insulin
(but not at every
meal) (e.g., Twice
daily NPH [morning
and dinnertime,
possibly bedtime]
with Regular, Aspart
or Lispro injections
prior to breakfast
and dinner)

MDI regimen;
basal/bolus therapy
by injections, with
bolus taken at every
meal (e.g., Glargine
with Aspart or
Lispro injections
each time you eat)

CSII; pump therapy

Frequency of injection (or
needle insertion)

Fewer, 2–3/day More injections Only infusion set changes,
1/every third day

Need for consistency in
mealtimes

High Low Low

Flexibility in mealtimes Low Moderate High
Flexibility regarding

amounts of food
eaten/meal

Low High High

Need for carbohydrate
counting

Varied, but can
accomplish control
without
carbohydrate
counting

High High

Demand to execute
arithmetic for meal
insulin-to-carbohydrate
ratios

Varied, but low if
patient is not
carbohydrate
counting

High High, but low with newer
pump models, in which
ratios can be entered
into pump.

Ability to dose with insulin
for effects of dietary Fats
upon BG

Low, very difficult Low, very difficult High, ease with use of
temporary basal rates.

Ability to achieve
euglycemia with
exercise/sports activity

Low Moderate High
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Within the literature addressing DM1 treatment among adolescents and children,
an important distinction has been made between adherence and self-management with
accompanying activities and goals relevant to blood glucose (BG) management (3). Ad-
herence represents the patient’s following of treatment instructions by medical providers,
and self-management involves an active self-directed process, with elements divisible into
process to execute the activities to reach self-management goals. This distinction empha-
sizes that, although self-management is a process collaborative with medical providers,
it truly requires the patients and families to understand the factors that affect BG [e.g.,
food intake (carbohydrates, fats), insulin dosage, timing of food intake and insulin dosage,
BG monitoring, exercise, stress], factors that affect prevention of complications (foot care,
ophthalmologic screening), and actively manage these activities in their ongoing life. As
highlighted in Table 1, the evolution of regimen, development of newer preparations of
insulin (e.g., Glargine), and application of newer delivery methods (e.g., continuous sub-
cutaneous insulin infusion [CSII] pumps) over the past 10 to 15 years, has greatly affected
the self-management behaviors required for patients. As a result, many of the old stereo-
types among the public, such as DM1 management requiring the elimination of simple
carbohydrates and/or severe restriction of carbohydrates, has become an obsolete assump-
tion. For example, those using basal/bolus multiple daily injections (MDI) or CSII pumps,
who are accurate in their carbohydrate counting and appropriate use of insulin-to-grams of
carbohydrate bolus ratios, may not need to limit carbohydrate intake at all (4). Although
regimen such as MDI and CSII pumps have reprieved some patients from requirements of
older regimen, successful management continues to require the consistent process of active
BG monitoring, use of insulin boli to correct high BG, counting of carbohydrates and use
of insulin-to-gram of carbohydrate ratio boli, and other demanding activities to maintain
optimal BG.

The individual factors, such as intelligence, knowledge, culture, patient’s trust in
medical profession, health beliefs, and coping, constitute the variables that interact with the
disease and regimen factors overviewed above. For a full review of these issues, the reader
is referred to Boyer (2). Here, a brief review of diabetes-specific knowledge and coping are
provided.

Diabetes-Specific Knowledge

Since the treatment for DM1 involves a complex regimen of self-management, the amount
and accuracy of knowledge is imperative for patients’ adherence to treatment (5) and
glycemic control (6). The literature on knowledge among the pediatric DM1 population
becomes relevant, since those diagnosed as children or adolescents may receive most of
their self-management training at diagnosis. Data indicates, however, that individuals show
decrease in their maintenance and application of diabetes-specific knowledge over time,
and reeducation becomes important (7). Although knowledge is related to self-management
(8) and glycemic control (9), it has also been found not to predict management outcome
(7,10), as other factors interfere with the application of this knowledge over time (11).
Some of these factors are discussed throughout the remainder of this chapter.

Coping

Due to the demand for active and strategic self-management of BG among all treatments
for DM1, the coping dispositions of patients and their families are of crucial importance.
Empirical investigations regarding coping among those with DM1, and the relationship
of coping to medical outcomes, have generally implied that active, approach-oriented
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coping dispositions show a better match with DM1 self-management demands than passive,
avoidant coping. Active coping corresponds with better quality of life among adults with
diabetes (12), and better metabolic control among adolescents with DM1 (13). Although
much of the research investigating samples of patients with DM1 are adolescent samples,
these data are relevant to our discussion, as most adults with DM1 have had the condition
across their adolescent years, and may have developed coping dispositions that persist into
adulthood. While some studies have shown that coping training interventions for adolescents
produced reductions in diabetes-specific stress but not improvements in glycemic control
(14), others have produced improvements in self-efficacy as well as metabolic control that
maintained for 6 months following therapy (15). Simply put, it appears that individuals who
manage stress by approaching the stressful condition, attempting to control the condition,
and find the process of exerting strategic control to be distress-reducing are likely to be more
easily successful managing DM1 than those who reduce stress by avoiding the stressful
condition, employing avoidant strategies to reduce the sense of threat and distress, and
experience greater distress when approaching the stress-inducing context.

While the factors reviewed above, knowledge, coping, and self-management diffi-
culties are relevant to any and all individuals with DM1, several psychological disorders
have been shown to be more prevalent in those with DM1, and particularly problematic for
self-management and glycemic control.

DEPRESSION

A well-developed literature has investigated the comorbidity between DM1 and depression,
and the relationship of depression to medical outcomes among those with DM1. It has
been shown that individuals with DM have a disproportionately higher rate of psychiatric
disorders (16), with affective and anxiety disorders being more commonly diagnosed than
in the general population (17,18). In one study of DM1 and type 2 (DM2) inpatients,
52% presented with at least one lifetime psychiatric disorder, and 41.3% presented with
a diagnosis within the past 6 months (17). In this sample, affective and anxiety disorders
represented 83% of the psychiatric diagnoses. Another study of DM1 outpatients showed
rates of anxiety and depressive disorders at 44% and 41.5%, respectively (18).

Some individual studies have found that depression among those diagnosed with
diabetes was vastly elevated, compared to the individuals without diabetes, with depression
as high as six times higher for those with DM (19). In an epidemiological study of depression
in individuals with DM1 and DM2, findings revealed that depression was three to four
times more prevalent in this population than in the general population (20). These results
suggest that 15% to 20%, or approximately one in five individuals with either DM1 or
DM2 are afflicted with depression. Furthermore, approximately 40% of individuals with
DM have significantly elevated levels of depressive symptomatology, but are not clinically
depressed.

The literature has developed enough to permit meta-analytic studies. Taken together,
the evidence from 42 studies regarding rates of depression among those with DM1 or DM2
indicates a 2.0 odds ratio for depression among those with diabetes (21). While these studies
include both DM1 and DM2 populations, the data did not suggest a difference between
DM1 and DM2. For those with DM1, there appeared to be twice the rate of depression as
among those without diabetes. There were, however, differences related to gender. Rates
of depression were 28% among women with diabetes, and 18% among men with diabetes,
but due to different base rates for depression among men and women without diabetes, the
2.0 odds ratio was consistent for both genders (21). A more recent review, investigating
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depression among only samples with DM1, and including five additional studies since
the Anderson and colleagues study (21), reported that 12% of those with DM1 exhibited
comorbid depression, compared with only 3.2% of the comparison group without diabetes
(22). These data suggest that, among individuals with DM1, the rates of depression may be
above three times the rate as those without DM. Indeed, 27% of children and adolescents
diagnosed with DM1 developed a major depressive episode during the 10 years after the
diagnosis of DM1 (23). These series of studies and the resulting meta-analytic reviews
demonstrate that regardless of the exact degree of increased risk and prevalence, depression
appears elevated in prevalence among those with DM1.

Given the elevated prevalence of depression among individuals with DM, a few
studies have attempted to characterize the disorder further. In a study by Peyrot and Ru-
bin (24), elevated depressive symptoms varied according to two factors: (i) nondiabetes
specific (generic) factors and (ii) diabetes-related factors. The researchers found higher
rates of depression among women, individuals who were unmarried, and those with less
education. Higher rates of depression were also found in individuals with three or more
medical complications secondary to their diabetes (i.e., retinopathy, neuropathy, kidney
disease, etc). Other studies have examined the relationship between social problems and
depression in individuals with DM (25,26). Roy (25) found that social problems are re-
ported more often among individuals with DM1. Wilkinson and colleagues (26) found that
individuals reporting major social problems had significantly higher levels of psychiatric
morbidity.

Relationship of Depression to Medical Outcomes

Of further concern is the relationship between comorbid depression and medical outcomes
among those with DM1. Several studies have investigated the influence of depression on
glycemic control and other adherence measures. Studies have found that individuals with
DM and a history of depression showed significantly worse glycemic control as measured
by glycosylated hemoglobin (18,27,28). Additionally, a few meta-analytic studies now exist
and have shown a significant relationship between depression and poorer metabolic control
among those with both DM1 and DM2 (29,30). Not surprisingly, depression has also shown
a relationship to greater complications of persistent hyperglycemia (31). Inquiry continues
regarding the exact nature of this relationship between depression and hyperglycemia. One
study sought to determine whether depression induced a decrease in diabetes self-care and
whether changes in self-management mediated the relationship between depression and
hyperglycemia. Although the inclusion of the score from the summary of diabetes self-
care activities in regression analyses attenuated the relationship between depression and
glycosylated hemoglobin among individuals with DM1, it did not account for a significant
mediation of the depression � hyperglycemia relationship (30). As such, continued in-
vestigation of this relationship is necessary, to determine the strength of the depression�
reduced self-management � hyperglycemia mechanism, or evaluate other psychological
and psychophysiological mechanisms for this relationship (30).

The course of depression in the DM population is chronic and severe (16,32,33),
and the presence of depression in individuals with DM may significantly worsen the
course of both disorders (34). There is sufficient data in the literature demonstrating the
(i) increased prevalence of depression in the DM1 population, (ii) deleterious impact
of depression on medical outcomes, and (iii) evidence that effective treatments exist.
However, depression continues to be underdiagnosed and undertreated (35). In a study
of nine primary care practices, 49% of patients with a diagnosis of either DM1 or DM2,
reporting clinically significant depression in a systematic screening, were not diagnosed
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or treated. Only 43% of those patients who were appropriately diagnosed with depression
were receiving antidepressant pharmacotherapy, and only 6.7% received four or more
psychotherapy sessions during the previous year (36). This suggests that not only were many
patients with depression not initially diagnosed, but those who were diagnosed were not
adequately treated.

Treatment for Comorbid Depression and Diabetes

A few studies have examined the influence of psychopharmacology and psychotherapy on
the treatment of depression in this population; however data remain scarce. Although the
prevalence of major depression and diabetes is well established, there are no large-scale,
randomized controlled clinical trials. Both antidepressant medications and cognitive be-
havioral therapy have demonstrated short-term effectiveness in the treatment of depression
among DM individuals. The results seem promising with improvement towards a reduction
in depressive symptoms, as well as improved glycemic control (16,37–40). As previously
stated, data is available showing that depression has been shown to worsen medical out-
comes for those with diabetes. Many of the treatment data for depression and diabetes show
improvements in medical outcomes (i.e., improved metabolic control); however, depression
treatment for those with comorbid depression and diabetes have not consistently shown
improvement in patients’ self-management (41) or glycemic control (42).

Pharmacological management of depression may be necessary for long-term or re-
sistant depressive symptoms. Monoamine oxidize inhibitors (MAOIs) and tricyclic antide-
pressants (TCAs) are not commonly used to treat depression in persons with diabetes due to
potential adverse side effects (e.g., short-term hyperglycemia, hypoglycemic unawareness,
postural hypotension). Notably, a randomized clinical trial of nortriptyline revealed signifi-
cant reductions in depression; however, there was an adverse effect on glucose control (39).
Selective serotonin reuptake inhibitors (SSRIs) appear to be the preferred antidepressant
of choice for those with DM. However, SSRIs are not without side effects. This class
of drugs may alter the metabolism of certain oral hypoglycemics and certain drugs can
be associated with weight gain (43). Effectiveness data suggest that SSRIs are associated
with both improved depressive symptoms and metabolic control. The SSRI, fluoxetine,
has been evaluated for its efficacy on reducing depressive symptoms in both DM1 and
DM2 patients (44). An 8-week, randomized clinical trial found that fluoxetine significantly
reduced depressive symptoms compared to placebo and trended towards better glycemic
control.

Lack of statistical power is an important note of caution in interpreting the data on
antidepressants on depressive symptoms in persons with diabetes. Most of the pharma-
cotherapy studies have too few participants to robustly measure symptom reduction and
symptom burden from diabetes, and no long-term data are available (43).

Cognitive behavioral treatment has been shown useful in the treatment of depres-
sion in persons with diabetes; however, data is scant. This therapeutic approach modifies
dysfunctional thinking, reduces negative emotions, trains stress reduction, and provides
skill building in areas of deficit. Improvements in mood, quality of life, and coping were
demonstrated in the only large-scale randomized clinical trial to date in DM2 adults (45).
However, other data from less statistically robust studies exists. Cognitive behavioral ther-
apy has shown effects through improved glycemic control and quality of life (15,46), and
evidence suggests that CBT techniques may prove beneficial in improving compliance to
diabetes regimen (45).

Combined treatment of pharmacotherapy and psychotherapy has been found to be
significantly more efficacious in reducing depressive symptoms than placebo alone (47).
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Overall, with the limited data available, it appears that both psychopharmacological and
psychotherapeutic approaches have beneficial effects on depression reduction in persons
with diabetes, and may promote improvement in medical outcomes.

ANXIETY

A significant literature has addressed the prevalence of anxiety comorbid to DM1. A
meta-analysis of 2584 individuals with either DM1 or DM2, found that 14% of the sample
showed symptoms of generalized anxiety disorder, and 40% of the sample reported elevated
symptoms of anxiety (48). Although these studies included participants with both types of
diabetes, the rates of anxiety were similar for DM1 and DM2. Thirteen percent of young
individuals developed an anxiety disorder during the 10 years following their diagnosis of
DM1 (23).

Additionally, some individuals experience anxiety directly related to DM1 and self-
management. Although most diabetic complications arise from persistent hyperglycemia,
the immediate symptoms of hypoglycemia are much more perceptible subjectively and
indeed frightening and uncomfortable. Fear of hypoglycemia (FH) has been observed
among individuals with DM1. FH has been found to be related to higher trait anxiety
(49) and greater perceived stress (50), past experiences with hypoglycemia (49,50), more
daily variability in BG (50), and poorer metabolic control (51). A self-report instrument,
the hypoglycemic fear survey, has been developed to measure this phenomenon (51),
and has demonstrated good internal consistency and temporal stability (51). FH appears
to have two components, each measured by the hypoglycemic fear survey, a cognitive
worry component and a behavioral avoidance component. Patients may become persistently
worried and fearful of hypoglycemia, and mistake the symptoms of anxiety for the similar
symptoms of hypoglycemia, often experiencing persistent difficulty distinguishing whether
these symptoms are due to low BG or anxiety (49). In addition, this persistent fear induces
some individuals to engage in avoidance behaviors such as overeating in response to early
symptoms of low BG (51), intentionally maintaining higher levels of BG to create the
perception of safety from hypoglycemia by underdosing their insulin relative to BG levels
or food intake (52).

This fact that FH is related to previous frequency and experiences with hypoglycemic
episodes hypoglycemia (49,50) and the pattern of persistent and intrusive worry about low
BG hypoglycemia (50), the anxious hyperarousal that accompanies this fearful cognition,
and the resulting maladaptive behavioral attempts to avoid risk of hypoglycemia (51,52),
has led some investigators to question whether this responding may constitute the symptom
triad of posttraumatic stress.

In the only study to date, in which the full symptom triad of intrusive ideation, anxious
hyperarousal, and avoidance, along with the criterion that these symptoms pose clinically
significant interference with functioning, reported that 25% of individuals using basal/bolus
insulin regimen (i.e., MDI and CSII pumps) indicated symptoms consistent with current
posttraumatic stress disorder (53) related to hypoglycemia.

Relationship of Anxiety to Medical Outcomes

Furthermore, a meta-analysis assessing evidence of a relationship between anxiety and
metabolic control found that, while overall results did not support a significant relationship,
in studies using interviews to evaluate anxiety, anxiety did show significant relationship
to glycemic control (54). It appears that when more rigorous assessment was utilized, a



OTE/SPH OTE/SPH

DK6222_c13 IHUS006-Jabour October 10, 2007 9:22 Char Count=

238 Boyer et al.

relationship between anxiety and hyperglycemia was detectable, although not supported by
studies employing questionnaire assessment of anxiety (54).

Treatment for Comorbid Anxiety and Diabetes

While very few empirical studies have evaluated efficacy of treatment for anxiety among
adults with DM1, one case study has demonstrated that cognitive-behavioral therapies
(CBT) may be useful, suggesting that CBT may be as effective for this population as for
others (55). Since anxiety greatly affects quality of life, since studies utilizing interview
assessment of anxiety indicate that it interferes with medical outcomes for those with
DM1 (54), and since diabetes-specific anxiety and hypoglycemic fear may interfere with
glycemic control, interventions to treat anxiety among those with DM1 are greatly needed
(50,51).

Despite the fewer studies regarding treatment of anxiety among those with DM1 com-
pared to the literature addressing depression, the existing evidence suggests that clinicians
should have a high suspicion for anxiety among adults with DM1. In addition, the potential
detriment regarding metabolic outcomes suggests that therapies to ameliorate anxiety are
imperative.

DYSREGULATED EATING

Approximately 5% of women and 1% of men suffer from anorexia nervosa, bulimia nervosa,
or binge eating disorder. An estimated 1 in 100 American women binges and purges to lose
weight and 15% of young women have significantly disordered eating attitudes and behavior
(56). Although eating disorders can strike anyone, the most common demographic affected
is adolescent, Caucasian females, of middle to upper middle class socioeconomic status. At
particular risk, however, may be people who modify their diet because of an illness such as
diabetes or celiac disease (57) When considering the development, prevalence, and medical
risks of dysregulated eating among adults with DM1, it is important to remember that most
adults with DM1 are diagnosed as children or adolescents (58). For both women and men in
the United States, adolescence constitutes the developmental period during which dieting,
dysregulated eating, and eating disorders are most likely to develop (59,60). Therefore, a
discussion of adolescent eating patterns becomes imperative. Given the physiological and
hormonal changes that occur during adolescence, many youth become self-conscious and
hyperaware of their body, and may begin to diet. Dieting is often the first step to developing
an eating disorder. Although eating disorders are most commonly found in individuals
during adolescence and early adulthood, disordered eating patterns are extremely difficult to
overcome and often persist throughout life. Relapse rates after treatment among individuals
with eating disorders appears as high as 30% to 40% within 3 years posttreatment (61–65),
indicating that disordered eating often persists even after treatment.

For adolescents with DM1, diabetes self-care requires an unremitting focus on the
balance among food, exercise, and insulin. Therefore, it is reasonable to speculate that
people with DM1 may often become more preoccupied with food and their own bodies
than the average person. In general, adolescents with a chronic illness, such as DM1,
generally report higher body dissatisfaction, and engage in more dangerous weight loss
measures than those without a chronic illness (66).

Although intensive insulin therapy represents the most effective current regimen
(67), it tends to cause a modest weight gain, and increases the risk for hypoglycemia (low
blood sugar). When an individual has a hypoglycemic episode they must eat something
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to raise their blood sugar, thereby increasing their calorie consumption for the day. These
side effects are generally mild and thought to be worth the health benefits that come with
intensive insulin therapy. However, the increase in weight that can be caused both by an
increase in caloric consumption due to hypoglycemia and the improvement in glycemic
control can be upsetting and problematic for some people and, therefore, seems likely to
be a risk factor for the development of disordered eating (68).

As a result of this need for hyperawareness about one’s body, combined with a higher
base weight than average, it is not surprising that the rate of eating disorders among people
with DM1 is higher than among the general population. Current estimates suggest that
approximately 16% of people with DM1 suffer from a co-occurring eating disorder (69),
and many more will suffer from subclinical levels of disordered eating. Research suggests
that DM1 may trigger the development of an eating disorder, as DM1 may exacerbate body
dissatisfaction following DM1 diagnosis and treatment, in part to their higher-than-average
base weight (70).

The diagnostic and statistic manual, (DSM-IV) (71) identifies three forms of eating
disorders: anorexia nervosa, bulimia nervosa, and eating disorder not otherwise specified.
There is currently a debate about adding a fourth disorder, binge eating disorder, to the next
revision of the DSM. A section below is devoted to each.

Anorexia

Anorexia is often the easiest of the eating disorders to diagnose because the physical symp-
toms are difficult to keep hidden. The symptoms, refusal to maintain a minimally normal
body weight (characterized as less than 85% of what is appropriate for an individual’s
height), an intense fear of gaining weight, severe disturbances and perceptions about the
shape of the body, amenorrhea, preoccupation with food, the hoarding of food, concerns
about eating in public, cooking for others but refusing to eat, and rigid thinking (71), may
readily become apparent to family, friends, or medical professionals.

A meta-analysis that reviewed five controlled studies, found that individuals with
DM1 are at no greater risk for developing anorexia than the general population (72).
However, an estimated 1% of all females develop anorexia at some point in their lives, and
approximately 10% of people with anorexia will die from complications such as starvations,
suicide, or an electrolyte imbalance, constituting the highest death rate of any mental illness
(71). Therefore, observation and screening for those with DM1 is imperative, even if the
rates are not higher than among those without DM.

Anorexia can cause infertility, osteoporosis, and irritable bowel syndrome; however,
for those with anorexia and DM1 the risks are even greater. Women with diabetes and
anorexia have a mortality rate of 34.6 per 1000 person-years, whereas those with anorexia
without diabetes have only a 2.2 per 1000 person-years (73). This staggering difference
highlights the essential need for physicians to screen for this disorder, regardless of its
prevalence. In addition, people with diabetes face a slew of other potential complications.
Skipping meals can put people with diabetes at risk for hypoglycemia, which can result
in a variety of symptoms including mental confusion, impaired judgment, mood changes,
seizures, coma, and possibly death (4).

Bulimia

Bulimia nervosa is characterized by episodes of binge eating, followed by a variety of
compensatory methods to negate the increase in calories consumed (e.g., purging through
vomiting, excessive exercise, using laxatives or enemas, starvation). A binge is defined
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as occurring during a discrete period of time, involves eating an amount of food that is
significantly larger than what most people would eat during similar circumstances, and a
sense of being out of control during the episode (71). Other symptoms that may become
evident in the clinical setting include dehydration, abdominal pain, and the emergence of
dental problems (as continuous vomiting wears away the tooth enamel) (74).

Bulimia is diagnosed in approximately 1% to 3% of the population, with males
displaying one-tenth the rate for females (71). Since individuals with bulimia often appear
physically healthy and are not grossly underweight, prevalence may, in fact, be much higher.
In addition, 30% of those with bulimia show a lifetime diagnosis of comorbid disorders,
such as substance abuse or dependence disorder (71).

A meta-analysis of controlled studies composed of 748 persons with diabetes and
1587 female participants found that patients with DM1 are significantly more likely to
develop bulimia when compared to those without diabetes (75). In addition, it is also
estimated that 60% to 80% of people with DM1 engage in episodes of binging at a
subclinical rate (76). This binging and purging behavior makes it incredibly difficult to
keep BG levels stable. This is because the activity of binging and purging makes it difficult
to accurately gauge the amount of food a person is ingesting, and it becomes impossible to
accurately assess the amount of insulin that is necessary. In addition, binges often include
foods that are high in fats, which may have no immediate impact on blood sugar levels, but
may cause them to rise hours later. The results of this can be disastrous. The inability of
people with bulimia to keep their BG levels stable can result in BG levels that are perpetually
too high, or too low. In turn, this leads to higher HbA1c levels and poorer overall glycemic
control.

A recent study compared patients with DM1 and bulimia, to those with DM1 and
binge eating disorder. Although both of these are serious forms of disordered eating,
the study found that the presence of bulimia nervosa was highly associated with severe
disturbances related to depression, anxiety, and eating disorders. In addition, the group
with bulimia nervosa showed an overall higher rate or co-occurring mental disorders,
psychosocial dysfunction and poorer overall glycemic control (77).

Eating Disorder Not Otherwise Specified

Some eating disorders have unique features that cause them to not fit one of the generally
accepted categories of eating disorders (e.g., anorexia, bulimia). To address this problem,
DSM-IV identifies a diagnosis known as eating disorder not otherwise specified (ED-NOS).
Examples of eating disturbances that would fit this diagnostic profile include a person who
purges after eating only a small amount of food or a person who has lost a significant
amount of weight by starving themselves but their weight still technically falls in a healthy
range.

The most common ED-NOS seen in people with DM1 is the reduction of insulin
dosage to lose weight. Studies have found that up to 30% of adolescents with DM1 have
intentionally reduced or omitted their insulin doses to control weight in adolescence or
young adulthood (69). We have observed several variations of this in the clinical setting: (i)
episodically omitting insulin administration; (ii) consistently under dosing for meals and
snacks; or (iii) the omission of a bolus for meals albeit maintenance of basal doses by those
using insulin pumps or basal/bolus formats of injection regimen (with Glargine basal doses
and “per-meal” bolus injections with analogue insulin).

When this happens, blood glucose becomes hyperglycemic and ketones appear in
the urine as body fat is broken-down for energy, placing individuals at greater risk for
ketoacidosis, nephropathy, and other diabetic complications. Of tremendous clinical dif-
ficulty is that, despite the negative impact of insulin omission on glycemic control and
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risk for potentially irreversible complications, this tactic does successfully result in weight
loss. For individuals with DM1 who are rigidly fixated upon weight loss, to the exclusion
of long-term DM1-related health concerns, diagnosis and treatment of the eating disorder
become imperative.

Relationship of Dysregulated Eating to Medical Outcomes

An eating disorder can be a life-threatening illness for anyone, but for a person with diabetes
it is even more dangerous. Eating disorders greatly increase the mortality and morbidity
rate among people with DM1. The majority of research has found that having an eating
disorder is linked to increased medical complications for people with diabetes (78). As
a result, screening for eating disorders should be implemented as part of routine care for
people with diabetes in order to prevent the development or exacerbation of diabetes related
complications secondary to dysregulated eating patterns. Multiple self-report measures that
are reliable and valid are available to assist with screening and diagnosis of dysregulated
eating; however, most are not specific to those with diabetes (79).

Treatment for Comorbid Diabetes and Dysregulated Eating

Once an eating disorder or any pattern of disordered eating is diagnosed, treatment should
begin immediately. Patients may require inpatient treatment in either a medical or psychi-
atric hospital, if their eating disorder is particularly severe, or their health is at immediate
risk. An example of this circumstance, which is most relevant to people with diabetes, is
a person who has intentionally omitted so much insulin from their regimen that they have
entered a state of ketosis and require an intravenous insulin drip in order to normalize their
blood sugar.

After immediate physical danger has been eliminated or ruled out, long-term treat-
ment can begin. Because of the increased risks associated with having both DM1 and an
eating disorder, an interdisciplinary team should be utilized in order to address the complex
nature of the problem. Ideally, the team should include a psychotherapist, diabetes educator,
endocrinologist, and nutritionist. These professionals should be in regular communication
with each other in order to ensure that treatment is progressing; and the physical, emotional
and psychological needs of the patient are all being addressed. Depending on the age and
circumstances of the patient, family, group, and/or couples therapy may be appropriate as
well.

One small study compared 9 young women with bulimia nervosa who were receiving
in-patient treatment to 10 young women with bulimia nervosa who were not. These patients
were reassessed 3 years after treatment by examining their body mass index, HbA1c results,
and psychological test scores. Patients who had received inpatient treatment had lower
HbA1c results and demonstrated lower scores on measures assessing depression, anxiety,
and binge eating and purging behaviors (80). Although the small sample size of this study
makes it difficult to discern how generalizable the results are, these preliminary findings do
suggest that inpatient treatment may be a more helpful form of treatment for women with
diabetes who are suffering from bulimia nervosa.

CONCLUSION

DM1 is a complicated disease, which can represent a significant stressor for the individual
and his/her family. A comprehensive understanding of how this disease impacts psycho-
logical factors, and the impact of psychological factors on medical outcomes is crucial in
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understanding and managing this disease. A well-developed literature has investigated the
comorbidity between DM1 and several psychiatric diseases, and has shown that individ-
uals with DM have a disproportionately higher rate of psychiatric disorders. Depression,
anxiety, and dysregulated eating appear more prevalent among those with DM1, interfere
with important outcomes such as quality of life, self-management, and glycemic control.
In addition, psychological factors interact with adjustment to DM1, self-management, and
metabolic control, even at subdiagnostic levels of symptomatology. Indeed, it appears
nearly impossible to optimize medical outcomes without addressing the role of knowledge,
coping, anxiety and mood, and dysregulated eating in the adult DM1 population. Diabetes
treatment teams must maintain a high suspicion for these factors among adults with DM1,
screen carefully, and treat aggressively, so as to prevent these nonpathophysiological factors
from rendering treatment ineffective.
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Beta-Cell Replacement: Pancreas and Islet
Transplantation

R. Paul Robertson
Pacific Northwest Research Institute, University of Washington, Seattle, Washington, U.S.A.

CLINICAL INDICATIONS FOR BETA-CELL REPLACEMENT

Given the very limited availability of donated pancreas, which has been estimated to be
roughly 4000 to 6000 a year in the United States of America, relatively few patients with
diabetes should be considered for beta-cell replacement. There are three general clinical
situations that justify this approach. The first is recurrent hypoglycemia with poor symptom
recognition despite optimal medical care. This is a complex area to consider. Recurrent
hypoglycemia in diabetic patients is a direct consequence of administration of exogenous
insulin. In circumstances where too much insulin has been given, patients inevitably become
hypoglycemic. When patients become recurrently hypoglycemic, they develop a decrease
in the perception of symptoms related to hypoglycemia. Normally, hypoglycemia causes
warmth, hunger, sweating, and rapid heart rate. When hypoglycemia becomes very severe,
additional symptoms such as visual loss, lethargy, coma, and even death can occur. With
recurrent hypoglycemia, patients become desensitized so that the symptoms begin to occur
at lower and lower glucose levels. Usually, humans experience symptoms of hypoglycemia
when the blood glucose level drops below 55 to 57 mg/dL. When symptoms begin at
glucose levels in this range, ample time is available to remedy the situation by ingesting
substances containing sucrose. However, if the symptoms do not begin to develop until the
blood glucose level is as low as 30 mg/dL, it continues to decrease, and not much time is
left to stop this process before extremely dangerous levels of hypoglycemia are reached.

Patients who have lost symptom recognition of hypoglycemia can fully regain it if
hyperglycemia is avoided for several weeks. This intervention may result in somewhat
higher levels of hemoglobin A1c, but this need not necessarily be the case. On the other
hand, there remains a subcategory of recurrently hypoglycemic patients who have a great
deal of difficulty maintaining acceptable levels of hemoglobin A1c when they decrease
exogenous insulin dosage to a degree sufficient to avoid hypoglycemia. This is especially
frequent in patients with autonomic dysfunction that can result in gastroparesis and diabetic
diarrhea. In these cases, the pathophysiology of recurrent hypoglycemia is related to the
variation in gastrointestinal transit time of ingested food. This variability in food transit time
makes it extremely difficult if not impossible to effectively match insulin dosage to dietary
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intake and absorption. Beta-cell replacement can be considered the optimal therapy for such
patients because the replaced beta cells will be exquisitely sensitive to circulating glucose
levels and thereby very quickly and appropriately alter the amount of insulin being released
into the blood. This obviously is not the case when insulin is injected exogenously in
subcutaneous tissue. Following pancreas and islet transplantation, patients with recurrent
hypoglycemia and symptom unawareness report a marked decrease in the frequency of
hypoglycemia and a return of symptoms initiated by hypoglycemia.

The second general indication for beta-cell replacement is an unrelenting march of
secondary complications of diabetes. This is most often observed in patients who have
developed kidney failure and are candidates for kidney transplantation. The most common
clinical scenario in which the pancreas is transplanted is the one in which patients are
scheduled for kidney transplantation. The rationale for performing simultaneous pancreas
and kidney transplantation is that since the recipient will be immunosuppressed for kidney
transplantation, no independent justification for immunosuppression for pancreas trans-
plantation is needed. In addition, just as the native kidney of the recipient was harmed by
hyperglycemia, the transplanted kidney will be at-risk for developing diabetic nephropathy
if the recipient is allowed to remain hyperglycemic. Inclusion of a transplanted pancreas
with the transplanted kidney, therefore, serves to protect the transplanted kidney from
hyperglycemia.

The third and most difficult clinical indication for beta-cell replacement is psychiatric
or emotional disability that prevents patients from cooperating with insulin-based therapy.
When such patients begin to develop secondary complications, the ethical and medical
decision must be made whether or not to offer them beta-cell replacement. Clearly, such a
decision must be preceded by careful evaluation of the patient to be sure they are cooperating
to the best of their ability to maintain normoglycemia by conventional measures. Concern
has been raised that patients with psychiatric or emotional disabilities will be incapable
of maintaining immunosuppressive drug treatment if they are not able to cooperate with
exogenous insulin therapy. Experience has demonstrated that this is not necessarily the case
because the personal burden of ingesting immunosuppressive drugs is not nearly as great
as maintaining rigorous insulin-based regimens.

CLINICAL BURDEN OF IMMUNOSUPPRESSION

Recipients must be systemically immunosuppressed to maintain function of transplanted
beta cells, otherwise they will undergo allorejection. Immunosuppression regimens have
been vastly improved over the past half century so that now the worldwide pancreas
rejection rate 3 years posttransplant is generally less than 30%, and in some centers as low
as less than 10%. Nonetheless, immunosuppression carries with it the problems of increased
susceptibility to infections, particularly cytomegalic inclusion viral disease. Typically, the
difficulties patients have with viral infections are worse during the first year posttransplant,
and thereafter become much less intense. Immunosuppressed patients are also at increased
risk for developing cancer, although this appears to be a frequent problem only in the
case of skin cancer such as basal cell carcinoma and melanoma. There are also drug-
specific problems. Most notable among these is a decrease in glomerular function when
calcineurin inhibitors, such as cyclosporin and tacrolimus, are used. MMF or mycophenolate
can be associated with severe gastrointestinal distress. Rapamycin or sirolimus, can be
associated with severe oral ulcers. Long-term use of steroids for immunosuppression can
cause severe osteopenia. Currently, transplant centers have demonstrated that with the newer
immunosuppressive regimens, steroids can be avoided so that metabolic bone disease will
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become less of a problem in future years. The clinical burden of immunosuppressive drugs
also includes a financial cost. These drugs must be taken continually for as long as the
transplanted organ is functional, otherwise the organ will undergo allorejection. This cost
has been variously estimated to run $10,000 to $15,000 annually. However, it has also been
estimated that this cost is much less than the alternative cost, for example, of forgoing
kidney transplantation and maintaining patients on dialysis programs for the indeterminate
future.

PANCREAS TRANSPLANTATION

The most common scenario in which a pancreas is transplanted is simultaneous pancreas
and kidney (SPK) transplantation as described above. Another variation is pancreas after
kidney (PAK) transplantation. In other situations, clinical complications other than kidney
failure may indicate the need for pancreas transplantation alone (PTA). In 2001, of 1297
pancreas transplants reported, the distribution by procedure was 70% SPK, 22% PAK,
8% PTA in the United States (1).

Organ and Patient Survival Rates

Pancreas transplantation was first performed in 1966 (2). Since then organ survival rates
have improved dramatically. Currently, pancreas survival rates at 1 year posttransplant are
92%, 88%, and 91% and at 5 years are 70%, 45%, and 45%, respectively, for the procedures
of SPK, PTA, and PKA (1) (Fig. 1) The most common cause for organ failure in the first
year following transplantation is the technical failure of the transplant itself. Great vigilance
and efforts are expended during the initial transplant period to detect threatened rejection
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Figure 1 Pancreas graft survival rates following SPK, PAK, and PTA. The data at 3-years post-
transplantation indicate an approximately 90% graft survival rate for all three categories. The 5-year
data indicate a fall off to 70% for SPK and to 45% for PAK and PTA (1). Abbreviations: SPK,
simultaneous pancreas and kidney transplantation; PAK, pancreas after kidney transplantation; PTA,
pancreas transplantation alone.
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Figure 2 Patient survival rates after undergoing the SPK, PAK, and PTA procedures. At 1 year,
the patient survival rate is approximately 95% for all three procedures. At 4-years posttransplant, the
survival rates are 90%, 85%, and 90% for SPK, PAK, and PTA, respectively (1). Abbreviations: SPK,
simultaneous pancreas and kidney transplantation; PAK, pancreas after kidney transplantation; PTA,
pancreas transplantation alone.

of the organ. During these times, immunosuppressive therapy is intensified until the blood
glucose level returns to normal. In the most common instance where both the pancreas
and kidney are transplanted simultaneously, blood creatinine levels also serve as a sentinel
for impending allorejection; immunosuppression is intensified until the blood creatinine
returns to prerejection levels. These levels will not necessarily be normal because of the
use of calcineurin inhibitors. Typically, creatinine levels are 1.5 to 1.9 mg/dL in patients
immunosuppressed by calcineurin inhibitors. Another indicator for impending rejection is
an increase in urinary amylase in instances where the exocrine drainage of the transplanted
pancreas is diverted into the urinary bladder. The predictive benefits of urinary amylase
are not available when the exocrine drainage is diverted into the duodenum—a commonly
used alternative site.

Patient survival rates for pancreas transplantation at 1 year posttransplant are 95%,
94%, and 98% and at 4 years are 90%, 85%, and 90% for SPK, PAK, and PTA, respectively
(1) (Fig. 2). The degree to which patient mortality is related to the transplantation procedure
itself as opposed to secondary complications of chronic diabetes has not been established.
However, it is unusual for patients to die in the operative or immediate postoperative
period. Typically, patients who die experience a cardiovascular death at times 3 months
beyond the pancreas transplantation. A recent retrospective study examined whether there
is excessive patient mortality following pancreas transplantation (3). The study compared
patient mortality in patients on waiting lists for pancreas transplantation compared to
patients who received a pancreas transplant. In the most common procedure of SPK,
a statistically significant increase in the 3-month posttransplant mortality was reported in
patients having undergone pancreas transplantation compared to those who remained on the
waiting list. However, mortality in posttransplant time periods thereafter were significantly
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less in recipients than patients on the waiting list. The degree to which the conclusions of
this study are accurate has been called into question (4) because of several concerns. First,
no control was in place for individuals on the waiting list who, when given the opportunity
to be transplanted, chose to pass up this opportunity and to remain on the waiting list
because they did not feel the need to go through with this procedure. This could have
enriched the waiting list with healthier patients. Second, 8% of the people on the waiting
list left it to undergo kidney transplantation, so would have been among the sickest of the
patients waiting. Third, some patients on waiting lists were listed on multiple lists and
therefore counted more than once. All three of these factors tend to bias the data toward
improved survival in patients on the waiting list compared to those patients who elected to
undergo pancreas transplantation.

Clinical Outcomes of Successful Pancreas Transplantation

Glycemic Control

The two most often used measures of glycemic control are the fasting glucose level and the
hemoglobin A1c level. Typically, recipients of successful pancreas transplants have average
fasting levels of 80 mg/dL, which signals excellent glycemic control (5) (Fig. 3). Similarly,
hemoglobin A1c levels are typically in the normal range, usually between 5.5% and 6%. The
excellence of these outcomes can be appreciated by comparing hemoglobin A1c levels after
pancreas transplantation with those obtained in the Diabetes Control and Complications
Trial (DCCT) (5,6) (Fig. 4). Intensive insulin-based management augmented by frequent
patient contact with physicians, nurses, and social workers was studied in the DCCT
and outcomes were compared to less rigorous insulin-based management. The intensively
treated patients were able to achieve average hemoglobin A1c levels of 7%. Attempts
to achieve lower levels were met with an increasing incidence of clinical hypoglycemia.
In contrast, hypoglycemia following pancreas transplantation is an unusual event. These
outcomes clearly illustrate the advantage of beta-cell replacement over exogenous insulin-
based management.
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Figure 3 Levels of fasting plasma glucose in recipients before and up to 11-years postpancreas
transplantation. By the end of the first posttransplant year, virtually all fasting glucose levels are
below 100 mg/dL and average approximately 80 mg/dL (5).
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Figure 4 Levels of hemoglobin A1c up to 6-years postintervention with either standard or intensive
medical therapy versus pancreas transplantation. The comparison of standard and intensive insulin
therapy was the major focus of the DCCT. The data indicated that intensive insulin therapy could
provide, at best, levels of hemoglobin A1c in the 7% range. By comparison, successful pancreas
transplantation lowers hemoglobin A1c levels into the normal range (5,6). Abbreviation: DCCT,
diabetes care and complicatioons trial.

Beta-Cell Function

When assessing beta-cell function in humans, plasma levels of insulin and C-peptide are
determined from a variety of tests such as the oral glucose tolerance test, the intravenous
glucose tolerance test, and the meal tolerance test. Insulin levels are measured most often.
C-peptide levels are measured when patients take exogenous insulin as treatment. Injected
insulin does not contain C-peptide, whereas C-peptide and insulin molecules are released in
a constant molar ratio from the beta cell during endogenous insulin secretion. During the oral
glucose tolerance and the meal tolerance tests, enough samples are taken to calculate areas
under the curve for hormone secretion. When intravenous glucose tolerance is assessed,
sampling times are more frequent so that first phase (the first 5 minutes after the glucose
challenge) and the second phase (the subsequent 85 minutes after the intravenous challenge)
of insulin secretion can be measured.

The usual recipient of a pancreas transplant has type 1 diabetes mellitus and, there-
fore, has no living beta cells and no stimulatable insulin secretion. After successful pan-
creas transplantation, recipients typically have normal-to-supernormal first-phase insulin
response to intravenous glucose and elevated second phase (7) (Fig. 5). The reason for the
greater than normal insulin levels is that the venous effluent from the transplanted pancreas
is drained via a systemic vein (usually the iliac vein) rather than the hepatic portal vein,
as is the case for the native pancreas. As the blood passes through the hepatic circulation,
50% to 90% of insulin is degraded during the first pass. When a transplanted pancreas has
systemic venous drainage, only 20% of the secreted insulin is delivered to the liver during
the first pass. Despite this surgically created state of relative hyperinsulinemia in pancreas
recipients, hypoglycemia is not usually a problem in the fasting state and only rarely in the
postprandial state (8). Reported results from the oral glucose tolerance test in successful
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Figure 5 Circulating insulin levels before and after an intravenous injection of glucose, 20 g.
Within the first 5 minutes, first phase insulin secretion has reached its peak, which in turn is followed
by second phase insulin secretion throughout the ensuing 30 minutes. Shaded area represents the
mean ± 95% response for normal controls. The upper line with the closed boxes represents data
from 27 recipients of pancreas transplantation. The line describing the responses from the open boxes
represent data from two patients with portal venous drainage of the allograft. Basal circulating levels
are higher in the pancreas recipients who had systemic venous drainage of the graft, whereas the
two patients with portal venous drainage were in the normal range. Recipients with systemic venous
drainage also had elevated insulin levels in the basal state prior to the intravenous glucose injection
(7).

recipients of pancreas transplantation are varied but most show normal or nearly normal
oral glucose tolerance in successful pancreas recipients.

Alpha-Cell Function

The principal product secreted by the alpha cell is glucagon and the primary stimulus
for glucagon secretion is hypoglycemia. Glucagon secretion from the native pancreas is
released into the hepatic portal vein through which it quickly reaches the liver to stimu-
late glycogenolysis. The resultant increase in glucose production releases glucose into the
hepatic vein and thence the systemic circulation, thereby correcting hypoglycemia. The
transplanted pancreas secretes glucagon in sufficient quantities to counterregulate hypo-
glycemia. Thus, successful pancreas transplantation not only restores beta-cell function but
also alpha-cell function. The combination of restored alpha and beta-cell function are the
major determinants in the reestablishment of normoglycemia and lack of hypoglycemia
that the recipient enjoys posttransplantation. Assessment of glucagon secretion is most ac-
curately made by the hypoglycemic, hyperinsulinemic clamp. This is a test in which insulin
is infused at a sufficient rate to lower circulating glucose levels and at the same time glucose
is also infused to ensure that glucose levels are not lowered too rapidly or too far. During
this study, termed the hypoglycemic clamp, samples of blood are drawn for determination
of glucagon and epinephrine levels and the patient’s symptoms are carefully monitored.
As mentioned earlier, patients with type 1 diabetes typically have no glucagon response
and delayed counterregulation of hypoglycemia. In addition, their epinephrine response,
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Figure 6 Comparison of the increases in glucagon secretion and in hepatic glucose production
during hypoglycemia induced by a hyperinsulinemic, hypoglycemic clamp. Patients with IDDM had
markedly diminished glucagon responses compared to CONTs, PTX, and KTX receiving the same
immunosuppressive regimens. There were no significant differences between the subjects in the PTX
and KTX groups compared to CONT. Similarly, patients in the CONT and PTX groups were not
significantly different with regards to hepatic glucose production whereas patients with IDDM had
markedly suppressed values. Patients with KTX had intermediate values (7,8). Abbreviatons: IDDM,
type 1 diabetes; CONT, control subject; PTX, pancreas transplantation recipients; KTX, kidney
transplant recipients.

a secondary line of defense against hypoglycemia that also stimulates glycogenolysis,
is greatly diminished. After successful pancreas transplantation, glucagon responses and
symptom recognition are normal and epinephrine responses are improved during insulin-
induced hypoglycemia. This leads to normalization of hepatic glucose production during
hypoglycemia (9,10) (Fig. 6).

Nephropathy

Nephropathy associated with chronic diabetes is manifested clinically by elevated serum
creatinine, decreased creatinine clearance, and albuminuria as well as structural changes in
the glomerulus involving excessive accumulation of mesangium and increased basement
membrane thickness. In some instances, PTA has been performed in patients who have
progressive renal failure that has not yet required kidney transplantation. Studies compar-
ing recipients of transplanted kidneys versus recipients of both transplanted kidney and
pancreas, as well as longitudinal studies of PTA, demonstrate that pancreas recipients have
normalization of glycemia and stabilization and even reversal of basement membrane thick-
ness and mesangial accumulation in their native kidneys, whereas kidney alone recipients
do not (11,12). This is not necessarily accompanied by an improvement in renal function,
however, such patients are generally maintained on calcineurin inhibitors for immuno-
suppression, which themselves decrease glomerular function. Nonetheless, this positive
outcome in terms of renal structure provides the optimistic prediction that patients being
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Figure 7 The 10-year posttransplant assessment of neurologic status by physical exam, sensory
nerve conduction, motor nerve conduction, and cardiorespiratory reflex. In all instances, successful
recipients of pancreas transplantation had stable scores for 10 years after successful pancreas trans-
plant whereas a cohort of type 1 diabetic control subjects who had not undergone pancreas transplant
in general had steadily deteriorating values (13).

managed with conventional insulin-based therapy rather than beta-cell replacement can
look forward to improved renal structure should they be able to maintain near normal levels
of hemoglobin A1c.

Neuropathy

Patients who achieve normal glucose levels after pancreas transplantation often volunteer
that they experience stabilization if not improvement in neuropathies. This has been doc-
umented in one 10-year study that reported stabilization of neural function as reflected by
physical examination as well as by studies of motor and sensory nerve conduction and au-
tonomic nerve function (13) (Fig. 7). More dramatically, patient survival has been reported
to be significantly increased by pancreas transplantation in diabetic patients who have the
syndrome of autonomic insufficiency (14).

Retinopathy

Early studies of the effects of successful pancreas transplantation on retinopathy failed
to detect a statistically significant beneficial effect (15), although the data indicated a
trend in that direction. A more recent study reported statistically significant beneficial
effects on retinopathy. In this study, patients receiving kidney alone transplantation were
compared to patients receiving kidney and pancreas transplants (16) (Fig. 8). The parameters
used were fundoscopic changes and the need for additional laser therapy posttransplant.
Using both measures, patients receiving pancreas and kidney transplantation had significant
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Figure 8 Retinal studies using fundoscopy and the need for laser therapy as measures of successful
3 years after successful transplantation with either pancreas and kidney together or kidney alone.
The pancreas transplant recipients established normal circulating glucose levels whereas the kidney
transplant recipients did not. By fundoscopic findings, SPK recipients had less deterioration and more
stabilization of retinal lesions. Successful pancreas transplant recipients had less need for further laser
therapy (16).

improvements in retinal structure and less need for laser treatment compared to the group
receiving kidney transplantation alone.

Macrovascular Disease

It has been difficult to detect a statistically significantly improvement in macrovascular
outcomes, even in large therapeutic trials comparing conventional versus intensive medical-
based management of diabetic patients, (6,17). This has also been true in studies of pancreas
transplantation. However, macrovascular benefits were reported in one longitudinal study
of patients receiving simultaneous pancreas and kidney transplant (18) (Fig. 9). Coronary
atherosclerosis, assessed by quantitative coronary angiography, documented that narrowing
of the interior diameter of the coronary arteries continued to increase in patients who lost
their pancreatic graft, whereas the group that retained the transplanted pancreas had no
mean change in intracoronary artery diameter after a mean follow-up of approximately
4 years.

Quality of Life

Quality of life studies in recipients of simultaneous pancreas and kidney and pancreas alone
transplantation have invariably reported improvement in quality of life (19,20). Such studies
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Figure 9 Qualification of coronary atherosclerosis as assessed by quantitative coronary angiog-
raphy in PTX who had or had not lost the transplanted graft with a mean follow-up of 4-years
posttransplantation. Data are expressed as MSD loss. As a group, the successful PTX stabilized with
no worsening of MSD, whereas the patients who were successfully transplanted but lost their graft
continued to have an increase in MSD loss, indicating further narrowing of coronary arteries (18).
Abbreviations: PTX, pancreas transplant recipients; MSD, mean segmental diameter.

take into account many outcomes, including the adverse impact of using immunosuppressive
drugs and the surgery itself. The issue of longevity of life is more difficult to assess
because trials of pancreas transplantation have never been randomized or controlled with a
contemporary group of cohorts that is medically managed.

ISLET TRANSPLANTATION

There is great interest in transplanting isolated pancreatic islets instead of transplanting the
organ. The rationale for this approach is that it will be less invasive and less costly in terms
of morbidity and financial expense. The first successful allogeneic islet transplantation in
diabetic animals was published in 1972 (21), and was followed by successful autoislet
transplantation in humans in 1980 (22). Between 1980 and 2000 many attempts were made
to establish alloislet transplantation in diabetic patients, but the success rate was minimal.
In 2000, a study was published from the University of Alberta in Edmonton reporting
100% success in 7 patients who were on average 12-months posttransplant (23). The major
differences in this study were the elimination of glucocorticosteroids from the immunosup-
pression regimen, use of daclizumab, and multiple infusions (usually two) of islets. Over
the time, however, this initial success of intrahepatic alloislet transplantation diminished
to approximately 80% at 2-years posttransplant and to 8% at 5-years posttransplant (24)
(Fig. 10). However, at 5 years, 85% of the recipients still had measurable C-peptide in
their blood and were taking roughly half as much insulin as they had pretransplant. The
reasons for the fall off in the success rate are not yet clear. Candidates are allorejection,
return of autoimmune damage to the new islets, loss of islets due to trauma during the
isolation procedure, and toxicity of immunosuppressive drugs. The latter is an important
issue because therapeutic concentrations of the drugs tend to be toxic to beta cells in the
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Figure 10 Levels of hemoglobin A1c from the Edmonton patients 5 years after intrahepatic islet
transplantation. At this time, 85% of the patients remain C-peptide positive but only 8% were
independent of exogenous insulin treatment. 15% of recipients were reported as failures because they
had no sign of islet function and returned to full doses of insulin therapy. Seventy-seven percent
were deemed partially successful because they were still C-peptide positive, although they returned
to using half of their usual dose of daily insulin. Eight percent of patients remain insulin-free and
maintained hemoglobin A1c levels in a nearly normal range (24).

native pancreas, and all the more toxic when islets are put into the liver because the drugs
are given orally, absorbed via the gastrointestinal tract, and highly concentrated in the liver
(25).

The metabolic outcomes of successful alloislet transplantation include normal fasting
glucose levels and normal hemoglobin A1c levels, but mildly impaired glucose tolerance
(23). In this sense, islet transplantation is not as successful as pancreas transplantation. One
drawback in intrahepatic islet transplantation is that it does not provide restored glucagon
responses to hypoglycemia (26,27) (Fig. 11), a major benefit of pancreas transplantation.
This defect appears to be specifically related to the transplantation site, since islets trans-
planted into the peritoneum and spleen do have normal glucagon responses to hypoglycemia
(28). The mechanism for absent glucagon responses from intrahepatic islets is probably
related to glycogen stores and increased hepatic glucose flux during hypoglycemia. This
results in high-glucose concentrations in the environment of the alpha cell, which in turn
negates the hypoglycemic signal the alpha cell receives from the blood coming to it from
the general arterial circulation.

Few studies have been published that report the clinical outcomes of successful
islet transplantation in terms of the usual secondary complications of diabetes such as
eye, kidney, nerve, and macrovascular disease. One publication has appeared reporting
that islet recipients have generally improved cardiovascular measures that are indepen-
dent of improvement in hemoglobin A1c levels, although C-peptide levels were improved
(29). Several studies indicate that successful islet transplantation is associated with im-
proved quality of life, and this is primarily related to decreased incidence of hypoglycemia
(30,31).



OTE/SPH OTE/SPH

DK6222_c14 IHUS006-Jabour October 10, 2007 9:22 Char Count=

Beta-Cell Replacement 259

Minutes

0 45 90 135 180

−40

0

40

80

120

Islet transplantation

Type 1 diabetes

Normal  controls

G
lu

ca
g

o
n

 r
es

p
o

n
se

 f
ro

m
 b

as
el

in
e

(p
g

/m
L

)

Glucose nadir = 40 mg/dL

Figure 11 Levels of glucagon before and during induction of hypoglycemia using the hyperinsu-
linemic, hypoglycemic clamp in a group of normal control subjects, subjects with type 1 diabetes,
and successful recipients of islet transplantation who were normoglycemic and not using insulin. The
normal control group had the expected rise in the glucagon counterregulatory response during hypo-
glycemia. In contrast, neither the type 1 diabetic patients nor the recipients of islet transplantation
had a significant increase in circulating glucagon. This is in contrast to the normal glucagon response
experienced by successful recipients of pancreas transplantation, as shown in Fig. 6 (27).

CHOOSING BETWEEN PANCREAS AND ISLET TRANSPLANTATION AS
TREATMENTS FOR DIABETES

Since pancreas transplantation has been shown to be very effective in controlling acute and
chronic complications of diabetes over long periods of time, and islet transplantation has not,
pancreas transplantation must be viewed as the more effective option. However, individual
recipients who do not want to undergo the extensive surgery and potentially complicated
postoperative course of organ transplantation may logically choose islet transplantation.
This should be done, however, with the full knowledge that the majority of islet recipients
need to return to insulin-based treatment and that intrahepatic islet transplant recipients
do not have restored glucagon secretion during hypoglycemia. The latter is a significant
issue given the number of islet transplant recipients who return to insulin treatment and
are once again at-risk for hypoglycemia. There are few data that address the impact of
islet transplantation on the secondary complications of diabetes mellitus. However, it can
be anticipated that those islet transplant patients who are successful in maintaining islet
function and normal levels of hemoglobin A1c should have the same beneficial effects on
secondary complications of diabetes that has been demonstrated in successful recipients of
pancreas transplantation.
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Dexcom STS, 39f
logistics involved in, 38
operating principles of, 38
primary benefit of CGM, 48

Conventional insulin therapy, 82
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centralized database system for, 45
graphs and blood sugar readings, 46–48
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Diabetic Peripheral Neuropathy (DPN),
173–179

clinical pearls of DPN of, 179
diagnose, based on history, examination,

179–181
CASE IV system IN, 179
electrodiagnostic studies (EDX),

179–181
epidemiology of, 175–177
Michigan Neuropathy Screening Instrument

(MNSI) for diagnosis, 179
San Antonio Consensus Criteria for

diagnose, 179
subclinical (class I) or clinical (class II), 178
symptoms in, 178
treatments to, 185–187

Diabetic retinopathy, 143
anti-VEGF therapies, for diagnosis of,

152–153
classfication of, 144
definition and prevalance of, 143
early and advanced NPDR, 144–145
pathogenesis of, 143–144
vitrectomy, for treatment of, 151

Diffuse neuropathy, 175. See also diabetes
DLCO/alveolar ventilation, in diabetes patients,

77
DR. See diabetic retinopathy
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DR3/DR4 alleles in, MHC (HLA) complex, 1.
See also autoimmune diabetes, risk
factors for

DR3/DR4 genotype, high-risk to T1DM, 2

Early NPDR, 145
macular edema, 145
microaneurysm formation, 144
treatment of, 148

Early Treatment Diabetic Retinopathy Study,
149–151

Eating disorders, and Type 1 diabetes mellitus
(T1DM), 109, 111, 238

anorexia, 239
bulimia nervosa, 239–240
eating disorder not otherwise specified

(ED-NOS), 240–241
impact on health and treatments in, 241

End-stage renal disease, 89, 130, 157, 219–222
diabetic nephropathy, cause of, 157
uremic signs and symptoms, 159

Epidemiology of Diabetes Interventions and
Complications (EDIC) study, 128, 176

frequency of neuropathy-positive MNSI
questionnaires in, 177f

microvascular complications, 128
Escherichia coli, 69
ESRD. See End-stage renal disease
ETDRS. See Early Treatment Diabetic

Retinopathy Study
Exercise and diabetes management, 58–59
Exubera R©, 76–77, 80

Finnish type 1 diabetes prediction and
prevention (DIPP), 2

“First phase” insulin release (FPIR), 68
FOXP3 gene mutations

and syndromes, 7

Gastric inhibitory polypeptide (GIP), 122
Gastroparesis, treatments of, 188
Genetic screening, for T1DM MHC-linked

genes
located on chromosome 6p21.31, 3

Genitourinary autonomic neuropathy, 182–183.
See also diabetic autonomic
neuropathy (DAN)

Gestational diabetes, 213
GFR. See Glomerular filtration rate
Glargine (Lantus R©), 71
Glomerular filtration rate, 158, 220

hyperfiltration and renomegaly, 158
in proteinuria, 159
in type 1 diabetes mellitus, 158

Glucagon, 196–197. See also hypoglycemia
Glucagon-like intestinal peptide-1 (GLP-1), 120
Glucose control, biochemical markers of, 33
Glucose homeostasis, normal, 113–115
Glucose measurement techniques, 35–37, 116

amperometric methods for, 34
blood markers, 37

Continuous glucose monitors (CGM),
37–38

Clarke error grid analysis, 34
and factors leading to testing errors in, 35

Dextrostix R© strips, 34
fructosamine levels changes, 37
glucose oxidase and peroxidase enzymes use

for, 34
historical background and technologies used,

33–34
reflectance meters for, 34
tablet-based method, 33

Glucose testing, 34, 35
alternate site (nonfinger) testing, 36
HbA1c test, 36–37
plasma versus whole blood, 35

Glucotoxin neutralization, 137
Glulisine (ApidraTM), 74
Gray matter density, 130

HbA1c test, for glucose measurement, 36–37
Hemoglobin A1C levels, 129

microvascular and macrovascular
complications, delaying onset of, 132

motor speed and psychomotor efficiency,
effects on, 131

Hexosamine pathway, 132, 174
transketolase activation, 137
vascular damage, 133

HLA class I/II molecules, 5
HLA-DR/DQ genotyping, risk classification for

T1DM, 2
HLA-DR3/DR4-DQ8 genotype, indication to

progression to diabetes, 2
HLA haplotypes, 2

and risk of Type 1 Diabetes, 2t
Hospital management, in insulin therapy, 103
Human leukocyte antigen region

polymorphisms, 134
Hyperglycemia, 62–63, 136

biochemical pathogenesis of neuronal
damage from, 175f

and diabetic nephropathy, 159
and DR, 143
oxidative stress and, 174
retinal blood flow, autoregulation of, 144
sorbitol levels, 144



SPH SPH

DK6222_ind IHUS006-Jabour October 10, 2007 9:37 Char Count=

Index 267

Hyperglycemia-induced tissue damage, 127
hexosamine pathway flux, 132
oxygen free radicals, effect of, 133
pathways of, 132
prevention of, 136

pharmacologic approaches, effect of, 137
vascular damage, 133

Hypoglycemia, 40, 41, 58–64, 71–75, 79–80,
93–95, 97, 110, 111, 195

beta-cell replacement, clinical indications
for, 247–248

blood glucose regulation in, 196
categories of hypoglycemic symptoms,

198–199
clinical aspects of, 206–207
cortisol and growth hormone role in,

197–198
counterregulatory hormone responses in

older adults, 206
defective counterregulatory responses to in

T1DM, 200–201
exercise-associated, 203–205
glucagon secretory response to, 197, 201
and glycemic thresholds, 199
and hypoglycemia-associated autonomic

failure (HAAF), 201–203
associated with reduced neuroendocrine

counterregulatory responses, 203
and insulin therapy, 79–80

treatment guidelines, 96
neurogenic symptoms of, 199t
neuroglycopenic symptoms of, 199t
nocturnal, 207
normal counterregulatory responses to, 198f
physiologic response to, 196–198
sexual dimorphism in counterregulatory

responses to, 205
symptoms of, 198–199
treatments of, 207–208

Hypoglycemia-associated autonomic failure
(HAAF), 201–202

Hypoglycemia unawareness (HU), 195, 200

IDDM1/M2 locus, 3
Immune Tolerance Network, 27
Immunodysregulation, polyendocrinopathy,

enteropathy, X-linked syndrome, 8
clinical features of, 8t

Immunoglobulin G-insulin antibodies, 81
Immunology of Diabetes Society, 19, 27
Immunomodulatory therapies, in diabetes,

26–27
Implantable insulin infusion pumps, 87
Incretin therapies, 120–121

Inflammatory factors, 133
Inhaled insulin (Exubera R©), 76–77, 80
Insulin allergy and insulin therapy, 81
Insulin efficacy, determinants of, 77

injection technique, 78
insulin type, 78
rate of subcutaneous blood flow, 79
site of injection, 78
size of the subcutaneous depot, 78
time course of dissociation, 78

Insulin-like growth factor-1 (IGF-1), 81
Insulin secretion, physilogy of, 68

basal insulin, 68
loss of pulsatile insulin secretion, 68
responses to nutritious/carbohydrate meals,

68
Insulin therapy, for type 1 diabetes mellitus

(DM1), 67
complications of

hypoglycemia, 79–80
insulin allergy, 81
lipodystrophy, 81–83
retinopathy, 81
weight gain, 80

DCCT research recommendations, 67–68
dose adjustments and pattern management, 87

basal insulin adjustment, guidelines for,
91

core insulin adjustment guidelines, 93–94
correction or supplemental doses of

insulin (CDI), guidelines for, 92–93
establishing individual BG

measurements, 88–90
glycemic control on sick days, 97, 101
hospital managment, 101
for hyperglycemia, 94–95
for hypoglycemia, 94
insulin adjustment guidelines, 90–91
practical guidelines, 98–100
prandial-bolus insulin adjustment,

guidelines for, 91–92
while food intake, 95–96
while physical activity, 96–97

efficacy, 77–79
features of insulin preparation, 70
incidence of DM1, 67
physiologic insulin replacement,

components of, 69–71
physiologic insulin replacement, regimens of

conventional insulin therapy, 82
conversion of conventional therapy to

MDI regimen, 85
CSII via external insulin pump, 85–87
implantable infusion pump, 87
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Insulin therapy, for type 1 diabetes mellitus
(DM1) (cont.)

Intensive insulin therapy, 82–83
MDI basal-bolus insulin regimen,

83–85
types of

basal insulin, 71–72
bolus insulin, 72–77

Insulin-to-carbohydrate ratio, 95–96
Insulitis, beta cells destruction by mononuclear

cells, 1
Intensive insulin therapy, 82–83
International Federation of Clinical Chemistry,

37
Intraretinal microvascular abnormalities,

145–146
Intravenous Glucose Tolerance Test (IVGTT),

4
IPEX syndrome. See immunodysregulation,

polyendocrinopathy, enteropathy,
X-linked syndrome

IRMA. See Intraretinal microvascular
abnormalities

IRS-PI 3-kinase pathway, 80
Islet cell antibodies (ICAs), 17
Islet cell replacement, 42
Islet transplantation, 185, 247, 257

metabolic outcomes of successful, 258

Joslin Diabetes Center, 42

Kimmelstiel–Wilson nodules, 161

Laser panretinal photocoagulation (PRP),
149

advanced PDR, prevention of, 149
macular edema, treatment of, 150
severe visual disability, risk of, 151
vitrectomy, indications for, 151

Latent autoimmune diabetes in adults (LADA),
19 20. See also Type 1 diabetes
mellitus (T1DM)

antigen-based therapies sucess, 27
antigenic differences between type 1

diabetes and, 21–22
clinical parameters analysis in, 25
comparision with classical type 1 diabetes,

18, 24, 25
C-peptide levels, and islet cell–specific

autoantibodies evaluation, 25
(CTLA-4) genotype A/G role in, 24
demographic and clinical characteristics of,

19

ethnic background responsible for, 26
GAD administration in, 26
greater frequency of HLA susceptibility

alleles in, 24
humoral immune responses

antibody clustering, 19–20
autoimmune mechanisms role in, 20–21

insulin resistance role in, 24
intensive therapy on �−cell function, 26
non-HLA associations role in, 24–25
parenteral insulin therapy for, 26
peripheral blood mononuclear cell responses

in, 23f
role of obesity and degree of insulin

resistance in, 19
similarities (genetic and immunological)

with Type 1 diabetes mellitus
(T1DM), 27

T-cell responses and changes, 22–23
Lipodystrophy and insulin therapy, 81–82
Lispro (Humalog R©), 73–74

Marijuna usage and diabetes, 64
MDI basal-bolus insulin regimen, 83–85
Mean amplitude of glucose excursion (MAGE),

89
Median mononeuropathy. See carpal tunnel

syndrome
Menstruation and diabetes, 63
Metformin, 117–118, 118
MHC molecules, 6

major sections of, 5
Michigan Neuropathy Screening Instrument

(MNSI), 179, 181f
Microalbuminuria, risk factor for overt

nephropathy, 158
Microaneurysm formation, 144–145

National Certification Board for Diabetes
Educators (NCBDE), 55

National Glycohemoglobin Standarization
Program (NGSP), 37

Necrosis factor kappa B enhancer, 133
Nephropathy, 130, 157–167. See also Diabetic

nephropathy
angiotensin converting enzyme (ACE) gene

in, 135
inflammatory markers and insulin resistance,

132
intensive insulin therapy, diagnosis of,

130
microalbuminuria and proteinuria, 130

Neurocognitive function, imparing of, 131
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Neuropathy, 130. See also Diabetic neuropathy
(DN)

high prevalence rate of, 176
Neuropathy Impairment Score (NIS) plus 7, 181
Neutral Protamine Hagedorn (NPH) insulin

(Humulin R© N; Novolin R© N), 72
NF-�B enhancer. See Necrosis factor kappa B

enhancer
Nodular mesangial expansion. See

Kimmelstiel-Wilson nodules
Nonproliferative diabetic retinopathy, 144–145
NPDR. See Nonproliferative diabetic

retinopathy
Nutrition and diabetes, 56–57

Ocular complications, 147
Omalizumab, 81
Oxidative stress, 174

impact on lipid profiles, 175

Pancreas after kidney (PAK) transplantation,
249

Pancreas transplantation, 249, 251–253
alpha cell role after, 253–254
assessing beta-cell function in, 252–253
effects on nephropathy and, 254
effects on quality of life, 256–257
hemoglobin A1c level and, 251–252
macrovascular benefits and, 256
and measures of glycemic control, 251
nephropathy and, 254
organ and patient survival rates, 249–250

PDR. See Proliferative Diabetic Retinopathy
Pegaptanib, anti-VEGF agent, 153
Peroxisome-proliferator-activated receptor

gamma (PPAR� ), 118
Pittsburgh Epidemiology of Diabetic

Complications Study, 176
PKC-� inhibitor, 133

and glucotoxins effects, 134
PKC isoforms. See Protein kinase C isoforms
Plasma cells, 6
Plasma glucose concentration and glucose flux,

195
Polyol pathway flux, 132
Pramlintide, 109

background, 113
clinical use, 114–117
studies in type I diabetes, 113–114

Prandial insulin response, 68–70
Pregnancy, 213

Congenital Malformations (CM) during, 223
diabetes management during pregrancy

doses for insulin regimens in, 217
short-acting insulin analogs in, 217

disturbances in fetal growth, 224
glycemic control, 216
macrosomia during, 223–224
maternal diabetic complications during

coronary artery disease in, 222–223
nephropathy and management of,

219–222
neuropathy effect on, 223
retinopathy and management of,

217–219
maternal health evaluation during, 215–216
preconceptional counseling in, 214
spontaneous abortions (SAB) rate and

diabetes role in, 214
and White’s Classification of Diabetes

Mellitus in, 214t
Primary prevention cohort, 129
Proliferative diabetic retinopathy, 147

complications in, 147
laser panretinal photocoagulation, treatment

of, 149
Protein kinase C isoforms

activation of, 132
vascular growth and apoptotic processes,

133
Proteinuria, 159
PRP. See Laser panretinal photocoagulation
Pulmonary Function Test (PFT), 76

Reactive oxygen species (ROS) formation,
174

Regular insulin (Humulin R© R ; Novolin R© R),
74–75

Renin-Angiotensin System (RAS), 160
Retinal microvascular dysfunction, 143

retinal blood flow, impaired autoregulation
of, 144

Retinopathy and insulin therapy, 81. See also
Type 1 diabetes mellitus (T1DM)

San Antonio Consensus Criteria, 179. See also
Diabetic Peripheral Neuropathy
(DPN)

Schmidt syndrome, 8
Sick day rules, for insulin therapy, 97, 101
Sickness and diabetes, 63
Signaling pathways and glucotoxins, 134
Simultaneous pancreas and kidney (SPK)

transplantation, 249
Sliding scale approach, 41
Smoking and diabetes, 63
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Tcell receptor (TCR), 6
T1D. See Type 1 diabetes
T1D complications, 127

macrovascular
glycemic control, effect of, 132
hypertension and atherosclerosis, risk of,

131
microvascular

retinopathy, nephropathy, and
neuropathy, 128

The AADE 7 Self-Care Behaviors TM, 54
The scope of practice for diabetes educators,

53
Thiazolidinediones (TZDs), 118–119
Tolerance mechanisms, of body, 6–8

expression and presentation of autoantigens,
7

mechanisms in tolerance induction, 7f
Transforming growth factor-�, activation of, 133
Transportation Security Administration (TSA)

and diabetes management, 59, 61–62
Travel and diabetes, 59–60

diabetes-related supplies and equipments
during, 59–60

pump wearers, 60
TrialNet, 27
Type 2 diabetes mellitus (DM2), 72
Type 1 diabetes mellitus (T1DM), 195. See also

autoimmune diabetes; hyperglycemia;
hypoglycemia

albumin secretion, 130
celiac disease and thyroid dysfunction and,

9–11
change in beta-cell function model, 5f
characterized by, 5f

defects in beta-cell function, 1
clinical parameters analysis in, 25
CNS-related complications, 130–131
complications associated with, 128
counterregulatory responses to

hypoglycemia in, 200–201
depression and glycemic control, 136
emotional conditions, associated with,

135
environmental factors, associated with, 3,

135
ethnic background responsible for, 26
exercise-associated hypoglycemia in,

203–205
fatal hypoglycemia in older adults, 206
genetic factors, associated with, 134

renal disease initiation and progression,
135

genetic screening, for T1DM MHC-linked
genes, 3

genetic testing for detecting, 2
glomerular hyperfiltration in, 158
glucose levels monitoring in, 33
gray matter density, 130
high-risk genotype (DR3-DQ2/DR4-DQ8)

for, 2
HLA haplotypes and risk of, 2
HLA screening for, 3
hypoglycemia-associated autonomic failure

(HAAF) in, 201–203
hypoglycemia unawareness and impact on,

200
iatrogenic hypoglycemia and, 128
immunomodulatory therapies, as anti-CD3

for, 26
insulin regimen, self-management activities

and lifestyle factors relevant to, 232t
intravenous glucose tolerance test (IVGTT)

for predicting, 4
introduction and background, 1
natural history and trials conducted for,

3–5
neurocognitive function impairing, 131
peripheral blood mononuclear cell responses

in, 23f
prevalence of hypoglycemic episodes in men

and women, 205
protective effect of DQB1∗, 3
psychological aspects in adults, 233

comorbidity between DM1 and
depression, 234

depression, 135–136; prevalence among
individuals with diabetes, 235;
relationship to medical outcomes,
235–236; treatments, 236

dysregulated eating and eating disorders,
238–239

eating disorders and, 239–241
prevalence of anxiety in diabetic adults

and treatments, 237–238
psychological factors related to, 231
relationship to autoimmune syndromes, 1
self-management regimens for, 232

coping dispositions of patients, 233–234
diabetes-specific knowledge, 233

UAE. See Urinary albumin excretion
Ulnar mononeuropathy, 178
United Kingdom prospective diabetes study

(UKPDS), 20, 162
Urinary albumin excretion, 158–159
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Vascular endothelial growth factor, in
hyperglycemia, 144

Vascular growth, activation of, 133
VEGF. See Vascular endothelial growth factor
Vitrectomy, for traction retinal detachment

treatment, 151

Weather and diabetes, 62
effect on blood glucose control,

62
Weight gain and insulin therapy, 80
Whipple’s triad, 195
White matter hyperinsensitivities, 130
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